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ABSTRACT 
 
Pressure decline during oil recovery from chalk reservoirs exhibit increase in effective 
stress and this in turn leads to reservoir compaction causing seabed subsidence. Although, 
there is positive impact of compaction on the oil recovery, the necessity of pressure 
maintenance brought the introduction of water injection to chalk fields in the southern part 
of North Sea (eg. Ekofisk and Valhall). Sea water injection has successfully resulted in an 
increase in petroleum output.  However, as sea water displaces oil and increases pore 
pressure, the reservoir continues to compact. The phenomenon is referred to as the water 
weakening effect on chalks. Since little was understood about the impact of aqueous 
chemistry on the mechanical behaviour of chalk reservoirs, there have been several many 
studies to better understand this phenomenon. 
In the present study, the main goal is to get an improved understanding of how variations 
in original porosity, non-carbonate content, in addition to temperature effects on final 
porosity, dynamic compaction and permeability evolution when injecting chemically 
reactive brine. 
Chalk cores from two different sources, one pure chalk (Mons, 99.5 wt% calcite), and one 
containing a higher non-carbonate content (Kansas, 97.5 wt% calcite) were tested in 
hydraulically operated tri-axial cells. Chalk cores were isotropically loaded beyond yield 
and thereafter left to deform at a constant stress (creep) for 60 days. Test temperatures 
were 60°C, 92°C and 130°C, while MgCl2 brine was used as injection fluid.  
Results from the conducted compaction experiments show that the porosity evolution is in 
coupling with the change in bulk volume, induced by the applied stress, as well as with 
change in solid volume due to rock-fluid interactions involving dissolution/precipitation 
processes induced by temperature. Moreover, it has been observed that implication of 
dissolution/precipitation has also effect on flow properties and to a great extent depends 
on temperature and non-carbonate minerals initially present in the chalk. Chemical 
analysis of the effluent show that at high temperatures (92°C and 130°C), considerable loss 
of magnesium and excess production of calcium is observed, thereby promoting volumetric 
change of solid phase. Scanning electron microscope images of newly formed magnesium-
bearing minerals support the effluent analysis. 
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CHAPTER 1 
INTRODUCTION 
 
This chapter starts with an introduction to producing chalk reservoirs of the North Sea and 
highlights some challenges associated with hydrocarbon production from chalk reservoirs 
and its corresponding consequences. In the latter half, we will look into the statement of 
problem followed by the objective of this thesis. 
1.1 Background 
 
Hydrocarbon bearing chalk fields within the North Sea basin are of significant economic 
importance since a province accounts for about 2% of world proven oil reserves and 8% of 
production, as well as acts as a pricing fulcrum (Watkins, 2002). Moreover, majority of the 
recoverable oil in the North Sea is represented by clastic reservoirs; however since 1985 
chalk reservoir oil fields have exhibited significant growth in the recoverable oil (Gautier 
and Klett, 2005). It is considered that the complexity of chalk reservoirs and their better 
response on the implementation of Enhanced Oil Recovery (EOR) techniques, completion 
and also stimulation techniques might contribute to this growth (Megson and Tygesen, 
2005).  
Even though the potential rewards are great, chalk reservoirs in the North Sea present a 
picture of extremes. Early stage of oil production from chalk fields in the North Sea caused 
pressure depletion, notably Ekofisk and Valhall fields, the reservoirs have experienced 
compaction, and the resulting subsidence at the mudline created platform safety issues 
(Fig.1.1) (Doornhof et al., 2006). Although reservoir compaction has resulted in 40% and 
50% of the drive mechanism in the Ekofisk and Valhall fields respectively, on the other 
hand the sea floor subsidence necessitated investments for field production facilities 
(Austad et al., 2008, Barkved et al., 2003).  
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After the primary production stage by pure pressure depletion, injection of seawater 
introduced as a secondary improved oil recovery (IOR) method to maintain the pore 
pressure above bubble point of the oil and production enhancement mechanism (Barkved 
et al., 2003, 2005; Hermansen et al., 1997).  Seawater appeared to be exceptional injection 
fluid in the Ekofisk field, where up to 50% oil recovery has been achieved. Laboratory 
studies show that potential determining ions such as 𝑀𝑔2+, 𝐶𝑎2+ and  𝑆𝑂4
2− present in the 
seawater was able to improve the wetting state of the chalk (Austad et al., 2005). Despite 
this, as waterflooding continued under voidage balancing, the subsidence rate developed 
with constant rate, reaching a maximum rate of 42 cm/year (Fig. 1.2) (Doornhof et al., 
2006). Hence, water has a profound weakening effect on the chalk framework which 
regarded as water weakening phenomenon. 
 
Figure 1.1 Picture depicts a consequence of compaction in the Ekofisk field. 
 
Due to subsidence, the resulting loss of airgap and potential impacts on platform safety 
became a major concern. The 6 m increase in platform height was performed in 1987; later 
a new complex of platforms was installed (Doornhof et al., 2006). 
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Figure 1.2 Subsidence from depletion and from water effect in Ekofisk field. 
 
Until 1989, all subsidence at the hotel complex was due to pressure depletion. After the 
injection rate balanced the voidage rate in 1984, the subsidence was all due to water-
induced compaction (Doornhof et al., 2006). 
The mechanism for this water weakening of chalk is not fully understood, and several 
physico-chemical models have been suggested: change in capillary forces (Delage et al., 
1996), pressure solution (Hellmann et al., 2002a,b), added pressure on the grains caused 
by attraction of water molecules to the chalk surface (Risnes et al., 2005), and chemical 
dissolution (Heggheim et al., 2005; Korsnes et al., 2006a,b, 2008; Madland et al., 2008, 
2011; Hiorth et al., 2010, 2013). 
Taking experimental studies of (Heggheim et al., 2005; Korsnes et al., 2006a,b;  Madland et 
al., 2011; Nermoen et al., 2015a,b; Megawati et al., 2012, 2015; Megawati, 2015; Wang et 
al., 2015) and mathematical modelling of (Hiorth et al., 2010, 2013) as representative 
examples of water-induced compaction in chalks, they have shown that the aqueous 
chemistry of the pore fluid in addition to presence of non-carbonate minerals such as silica 
and clay minerals control the chalk mechanical behavior. Madland et al. (2011) 
demonstrated that injecting reactive MgCl2 brine leads to supersaturation of new 
magnesium bearing minerals which triggers further dissolution of calcite; while injecting 
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NaCl brine with equal ionic strength, it was documented that minor change occurs in the 
aqueous chemistry.  
1.2 Statement of the problem 
 
The void fraction and flow properties are important for accurate estimation of the resource 
potential of the reservoirs, since the porosity determines the amount of hydrocarbon 
trapped inside the pores, while permeability determines the rate of production. In addition, 
numerous experimental studies show the link between the porosity and mechanical 
behavior of chalks as well as connection between the porosity and permeability (Nermoen 
et al., 2015a; Wang et al., 2015).  
Because calcite is a reactive common mineral, its precipitation and dissolution are of great 
importance in the creation and destruction of secondary porosity in the subsurface. 
Although the importance of carbonate mineral dissolution during sediment diagenesis has 
been known since late 1800s, experimental determination of dissolution rates as a function 
of solution composition did not receive considerable attention until 1960s. Since that time 
a large number of investigations examined the effect of ‘foreign’ ions, temperature, CO2, 
partial pressure and other variables on calcite dissolution rate where ionic strength of 
solutions did not generally exceed that of seawater (Gledhill and Morse, 2004).  
The reservoir temperature at Ekofisk is 130°C and Valhall is 92°C, while the temperature of 
injected water is normally colder than reservoir temperature. When the formation water, 
which has a higher salinity and low sulfate content, is displaced by seawater, chemical 
processes involving dissolution-precipitation contributes to the changes in rock properties. 
Certainly, changing the temperature can induce strain in the material, as cold water is 
injected into the formation, the concern here is to what extend the rock properties are 
temperature dependent in contact with high ionic strength solutions and whether the non-
carbonate phase has an effect on that. 
When non-equilibrium nature of the rock-fluid interaction taking place inside the core, 
dissolution-precipitation induces mineralogical changes, thus affecting the rock and fluid 
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flow properties. Thus, when estimating porosity evolution, mineralogical changes must be 
taken into account; than solely considering porosity reduction caused by mechanical 
compaction. Moreover, the effect of chemical reactions on the permeability development 
has to be understood since the permeability is reflected in the porosity evolution. 
1.3 Objective 
 
The primary focus of this thesis is to link dissolution-precipitation to the mechanical and 
physical properties of chalk, and to investigate how variations in original porosity, non-
carbonate minerals initially present in chalk, in addition to temperature effect on end 
porosity, dynamic compaction and permeability evolution.  
Obviously, seawater interaction with chalk surface is complex, due to different chemical 
processes involving different ions present. Therefore, it is required to simplify the system 
and study the effect of each ion individually. Within this study, the role of Mg2+ ion is 
studied and discussed in detail from experimental point of view, although it is not an 
optimal EOR fluid. The ionic strength of the solution designed as same as that of seawater, 
to get better understanding of rock-fluid interaction when seawater injected into the 
reservoir. However, the purpose of this study is not to simulate water injection into North 
Sea chalk reservoirs at real in-situ stress and pressure conditions, rather perform a 
repeatable type of mechanical tests to further study and get an improved understanding of 
mechanisms behind the water-weakening phenomenon.  
1.4 Structure of the thesis 
 
This thesis covers literature review on the North Sea chalk reservoir characteristics and 
basics of rock-mechanics in Chapter 2 presenting established theories and concepts. 
Moreover brief review of previously proposed mechanisms for chalk-fluid interaction is 
also covered. 
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Chapter 3 highlights the experimental methodology of conducted chemo-mechanical 
experiments and procedures. Moreover, chemical analysis of fractioned effluent and 
subsequent core analysis after testing is also portrayed. 
In the course of analyzing the test results, Chapter 4 presents the results from chemo-
mechanical compaction experiments, chemical and core analysis. Moreover results of 
porosity evolution will be studied in terms of mechanical and chemical methods of 
estimating porosity, in addition evolved permeability through time is presented. 
A general discussion on the results obtained is given in Chapter 5. 
Towards the end in Chapter 6, summary and concluding remarks are mentioned followed 
by recommendations for future work described in Chapter 7.  
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CHAPTER 2 
LITERATURE REVIEW 
In the beginning of this chapter, a brief introduction to the geological aspects of chalk and 
characteristics of North Sea chalk reservoirs is given which is followed by theoretical basics 
of the rock mechanics to describe the response of sample during the performed mechanical 
test and approaches to estimate the evolution of porosity and permeability. Towards the 
end, we will look into brief review of previously proposed mechanisms for the fluid and 
temperature effects observed in chalk.  
 
2.1 Chalk as petroleum reservoir 
 
2.1.1 Geological aspects of chalk 
 
Chalk is fine-grained biogenic carbonate sediments that originate as skeletons of algae 
known as coccospheres, with a size of about 30 μm across. The building blocks of these 
spheres are small calcite plates which are on the order of 0.5 - 2 μm across and the plates 
form assemblages of rings and rosettes with diameter of 3-15 μm, widely known as 
coccoliths (Fig. 2.1) (Andersen, 1995). There are other components present in chalk such as 
coarser calcareous skeletal grains, detrital quartz, chert, phosphate pellets and clay, that 
are important in some units, but are subordinate constitutions (Scholle, 1977, 1978). Thus, 
chalk can be very pure consisting of primarily calcite coccoliths (higher than 98%) or 
impure with a greater percentages of constitutions as silica, clay or calcite overgrowths 
between the coccoliths. The pure chalk is generally mechanically weak; on the other hand 
the impure chalk has greater mechanical strength from the cementation provided by silica 
or calcite overgrowth (Andersen, 1995, pp.2).  
 
Mineralogically, chalks were secreted and deposited as stable low-magnesium calcite. Low 
magnesian calcite is less soluble in sea water than opposed, and therefore they have great 
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chemical stability over geologic time. Any deep ocean sediments (pelagic sediments) buried 
at 2000 - 3000 meter have less than 15% porosities, in contrast North Sea chalk 
hydrocarbon fields possess abnormally high porosities ranging from 30% up to 50% 
buried at the same interval. The possible mechanisms that invoked to explain the porosity 
preservation in this area: firstly, mechanical compaction linked to the overpressured 
reservoirs where the porosity is preserved as the overburden is supported by the fluids, 
thus the chalks are not exposed to grain-to-grain stresses at high burial depth; secondly, 
chemical compaction related to early oil emplacement, that retarded carbonate reactions 
(Scholle, 1977). 
 
Although their porosity is high, permeability of the chalk matrix is relatively low (less than 
a few µD) due to small pore-throat diameters (less than 1 µD). Therefore, hydrocarbon-
filled interparticle pores in chalks are productive together with only other pore types, 
preferably fracture pores that increase the permeability (Bjørlykke, 2010, p.150).  
 
According to Hardmann (1982) chalk reservoir quality is dictated by variety factors, 
however four factors have primary significance: the purity of the chalk; the rate of the 
deposition that have effect on early frame-work cement; the tectonic setting of the basin 
and the size distribution of the coccoliths during chalk deposition.  
 
 
Figure 2.1 a) Skeletal structure of coccospheres and coccoliths. 
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Figure 2.1 b) SEM picture of Mons chalk consisting of a mixture of coccoliths and loose 
plate calcite crystals. 
 
In this example the spheroidal coccosphere is made up with many calcareous plates 
(coccoliths) that consist of small plate calcite crystals stacked in an imbricate pattern. From 
Bjørlykke, 2010.  
 
To sum up, the geologic history conditions of chalks of the North Sea Central Graben 
resulted in development of high porosity, overpressured, highly saturated in live oil and 
fractured permeability reservoirs making the quality of reservoirs economically profitable. 
The Ekofisk and Valhall fields are located within the Central Graben of North Sea. Both of 
the field are influenced by the Tor formation which is of Maastrichtian age which is 
typically clean and may contain less than 5% non-carbonate minerals (Andersen, 1995). In 
chalk of the Valhall field high pore pressure and presence of hydrocarbons worked against 
recrystallization and cementation, where despite the burial depth of 3 km the porosity is 
preserved (35-50%). As a result, the intergranular connections are poorly developed, 
making the reservoir chalk mechanically weak. In contrast, in chalk of the Ekofisk field 
recrystallization and cementation better developed compared to Valhall, thus calcite 
redistribution has strengthened grain contacts providing geo-mechanically stronger chalk 
with lower porosity (40%) (Hueler et al., 2006).  
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2.1.2 Outcrop chalk 
 
Due to scarcity of reservoir material, usually outcrop chalk of corresponding age and with 
similar porosity used as reservoir chalk substitutes in geo-mechanical and flooding 
experiments. However, the fact that outcrop and reservoir chalks have experienced 
different digenetic history and the reservoir core properties altered when it is taken to the 
surface have raised concerns on the correlation between the outcrop and reservoir chalks. 
Studies on offshore and onshore chalk in the North Sea area by Huler and Fabricius (2009) 
suggests that chalk from Liège (Belgium), also Stevns Klint and Aalborg (Denmark) can be 
used as suitable geo-mechanical analogues to Valhall field due to modest calcite 
redistribution and poorly connected particles. Specific surface area of these chalks is 
comparable to that of reservoir chalk, and may constitute acceptable substitutes in flooding 
tests. Moreover, they emphasize that this substitution further implies comparable porosity- 
permeability relationship of outcrop and reservoir chalk.  
 
The test chalks in this study are from two different localities: Mons chalk from a quarry in 
Belgium, Kansas chalk from quarry in Niobrara, US. The physical properties vary among the 
outcrop chalks (table 2.1), with Mons being characterized as pure chalk matrix with a 
porosity of generally 40-43% and a permeability 2-4 mD (Richard and Sizum, 2011), 
whereas Kansas chalk with higher content of non-carbonate mineral generally has 30-40% 
porosity and a slightly higher a permeability 2-5 of mD (Tang and Firoozabadi, 2001).  As 
reported by Wang et al. (2013), Upper Cretaceous chalks from Stevns Klint and Mons are 
very pure and like Aalborg samples contain only few amount of clastic. On the other hand, 
the same age Kansas chalk has highest amount of clastic similar to Liège. Thus, in overall 
these outcrop chalks represents suitable proxy for reservoir chalk from the Valhall and 
Ekofisk fields. 
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Chalk type Mons Kansas 
Age  Late Campanian Upper Creatceous 
Carbonate content, % ~99.5 ~97.5 
Porosity, % 42-44 37-40 
Permeability, mD 2-4 2-5 
Non-carbonate minerals quartz, possibly talc quartz, possibly talc 
 
Table 2.1 Characteristics of outcrop Mons and Kansas chalks (Megawati, 2015). 
 
2.2 Rock-mechanical properties 
 
One of the significant problems that engineers and geosciences are facing when working 
with North Sea chalk is the mechanical behaviour of the material. Since it is of great 
importance to be familiarized with the rock mechanical properties of the chalk, a brief 
introduction to rock mechanics is given in this chapter which is mainly based on the 
Petroleum Related Rock Mechanics by Fjær et al. (2008) while porosity estimations is 
based on studies of Wang et al. (2015). 
2.2.1 Elasticity 
 
The theory of elasticity relies on the two concepts: stress and strain. Stress (σ) defined as 
the average force (F) acting through the cross-section area (A) and in SI unit denoted as Pa 
(Pa=N/m2): 
                                                     𝜎 =
𝐹
𝐴
                                                                             (2.1) 
Strain is defined as a deformation in axial or/and radial directions caused by the external 
forces. It is a dimensionless quantity and in the present work it is given in percentage. Since 
the triaxial cells were only equipped with LDVT to measure the axial strain, and no 
extensometers were used to measure the lateral deformations, the axial deformation will 
be calculated based on the changes in length in the axial direction, where L is the initial 
length of the outcrop, while L’ is the length after the stress is applied: 
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𝜀 =
𝐿−𝐿′
𝐿
                                                               (2.2) 
2.2.2 Stress-strain relationship 
 
The ability of the material to return to the same state after the force is released describes 
the primary feature of elastic material. While most of rocks behave nonlinearly when large 
stresses are applied, but for sufficiently small stresses their behaviour may be described by 
linear relationship. A material’s elastic region is only a part of its behaviour as rocks, 
particularly chalks, can be stressed beyond the elastic limit. The failure mode for rocks can 
be divided into three types: tensile failure, shear failure, and yielding (pore collapse). In 
tensile failure when tensile stress exceeds the tensile strength, the material pulls apart. In 
the second shear failure mode, differences between the principal stresses are significantly 
larger than shear strength of the material such that material fails. In this case fractures 
localized in a plane can form in the material. The last type of failure mode is caused by the 
excess average stress on the material. In this type of failure, breakdown in the structure can 
be observed throughout the material. Within the chalk community, pore collapse stress is 
known as the one that initiates failure, and more widespread term for this is yield strength 
(Fig.2.1). The region beyond the yield point is called the plastic region, where even if the 
stress is relaxed, the material will never go back to its original shape.  
 
 
 
 
 
 
 
Figure 2.2 Stress-strain paths for linear and non-linear elastic materials. 
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2.2.3 Hydrostatic compression test and interpretation of elastic 
moduli 
 
All the mechanical tests in the present work were performed under hydrostatic (isotropic) 
loading, where applied stress is the same in all three directions. The conducted hydrostatic 
test used to determine yield and bulk modulus of the rocks.  
The yield point is determined from the linear regression method which is applied to the 
elastic region in the stress-strain curve and where the line deviated from the linear trend 
(Fig. 2.2). However, other methods exist and can be used to determine yield point; for 
example, drawing tangential line to the elastic and plastic regions, then intersection of the 
lines will be yield point.  
Bulk modulus (K) is elastic modulus that characterizes the sample’s resistance against 
hydrostatic compression. Under assumption in hydrostatic test, stress state in every 
direction is same:  
     𝜎ℎ = 𝜎𝑥 = 𝜎𝑦 = 𝜎𝑧                                                      (2.3) 
 
Now, K can be found as a ratio of hydrostatic stress relative to volumetric strain: 
 
𝐾 =
𝜎ℎ
𝜀𝑣𝑜𝑙
                                                                (2.4) 
 
For calculating the bulk modulus, linear regression (curve fitting to a straight line) method 
is used in the graph where 𝜎ℎ plotted against 𝜀𝑣𝑜𝑙 (see fig. 2.3). 
Assuming isotropic condition on the core samples, volumetric strain will be three times of 
axial strain 𝜀𝑎 , and above relation becomes 
𝐾 =
𝜎ℎ
3· 𝜀𝑎
                                                                      (2.5) 
14 
 
 
Figure 2.3 Bulk modulus is determined from the calculation of linear slope in the elastic 
region 
 
When performing linear regression in the stress-strain plot, the output slope value has to 
be divided by 100 to stay in line with units.  
2.2.4 Time dependent behaviour 
 
Creep is a time-dependent deformation that occurs under constant stress and in our 
experiment is followed after the hydrostatic loading. Three distinct stages of creep during 
the constant loading can be observed, although depending on the physical properties of the 
material not all of them might be seen.  
The stages of time dependent creep are illustrated in fig. 2.4.  
 Primary phase (transient) is an initial period where rate of time dependent 
deformation decreases with time.  
 In the secondary (steady state) creep phase, the strain rate is constant. 
 Tertiary (accelerating) phase described by rapid increase in strain leading to failure. 
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Figure 2.4 Typical Creep developments. 
 
2.2.5 Effective stress principle 
 
When dealing with the rock mechanical response of a porous medium, the effective stress 
rather important than the applied external stress on the material.  
Rocks are porous media and this fact complicates the stress analysis of the state of the 
materials since the pressure of saturating fluid affects the stress on the solid. There are two 
aspects of this: firstly, the effect of the pore pressure on the grains that makes up the solid 
porous material; secondly effect on bulk material, including the fluid (Andersen, 1995).  
 
The effective stress (𝜎𝑒𝑓) is defined as the difference between the total (𝜎ℎ) and pore fluid 
(𝑃𝑓) stresses: 
𝜎𝑒𝑓 = 𝜎ℎ − 𝛼 · 𝑃𝑓                                                            (2.6) 
 
Here 𝛼 represents Biot coefficient, which is a measure of change in pore volume relative to 
the change in bulk volume at constant pore pressure.  
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Thus, as outlined by Terzaghi, increasing external hydrostatic pressure produces the same 
volume change as reducing the pore pressure with the same amount.   
 
2.2.6 Porosity estimation  
 
At any given time, the bulk volume (Vb) of a bi-phase material is given by the sum of the 
volume of the pores (Vp) and solids (Vs): 
 
𝑉𝑏 = 𝑉𝑝 + 𝑉𝑠                                                                                     (2.7) 
 
Porosity is a fraction of pore volume given by the ratio of pore volume to the bulk volume: 
 
ɸ =
Vp
Vb
                                                                         (2.8) 
 
The initial porosity (ɸ˳) is estimated from the weight difference between saturated 
(𝑀𝑠𝑎𝑡,0) and dry (𝑀𝑑𝑟𝑦,0) core divided by the density of the distilled water (ρdw) times the 
initial bulk volume (Vb,0): 
 
ɸ0 =
𝑀𝑠𝑎𝑡,0−𝑀𝑑𝑟𝑦,0
𝜌𝑑𝑤 ·𝑉𝑏,0
                                                                                   (2.9)  
 
After dismantling the test, the diameter was measured at intervals (𝐿𝑖) along the core to 
enable accurately estimate the total bulk volume from the sum of truncated wedges 𝑖 =
1,2 … 7 along the core: 
 
𝑉𝑏,𝑒𝑛𝑑 = ∑
𝐿𝑖·𝜋
3
7
𝑖 · ((
𝐷𝑖
2
)
2
+ (
𝐷𝑖
2
) · (
𝐷𝑖+1
2
) + (
𝐷𝑖+1
2
)
2
)                       (2.10) 
 
To estimate the total volumetric strain (εvol) change in bulk volume before (𝑉𝑏,0)and after 
𝑉𝑏,𝑒𝑛𝑑 testing was used: 
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𝜀𝑣𝑜𝑙 = −
𝑉𝑏,0−𝑉𝑏,𝑒𝑛𝑑
𝑉𝑏,0
                                                        (2.11) 
It is standard procedure in triaxial compression experiment to obtain positive volumetric 
strain since the volume or length of the core is reduced as an effect of applied stress. For a 
bi-phase material, any change in the bulk volume (ΔVb) is given by the change in the pore 
volume (ΔVp) plus change in the solid volume (ΔVs): 
 
𝛥𝑉𝑏 = 𝛥𝑉𝑝+𝛥𝑉𝑠                                                        (2.12) 
 
Assuming that all the deformation is induced by the pure pore volume reduction due to 
mechanical compaction, and neglecting chemical reactions taking place inside the core by 
setting the solid volume is constant (ΔVs =0), the bulk volume change becomes equal to 
pore volume change as: 
 
𝛥𝑉𝑏 = 𝛥𝑉𝑝                                                                        (2.13) 
 
If this assumption is valid, the porosity evolution can be estimated combining the equations 
(2.8, 2.10, 2.11, and 2.12) as: 
 
ɸ𝑒𝑛𝑑,1 =
𝑉𝑝+𝛥𝑉𝑏
𝑉𝑏 +𝛥𝑉𝑏
=
ɸ𝑜−𝜀𝑣𝑜𝑙
1−𝜀𝑣𝑜𝑙
                                                                    (2.14) 
The index 1 refers to the first method of calculating porosity evolution and regarded as 
mechanical porosity.  
The second approach of estimating porosity evolution is using the difference between 
saturated (𝑀𝑠𝑎𝑡,𝑒𝑛𝑑) and dry (𝑀𝑑𝑟𝑦,𝑒𝑛𝑑) core after the test: 
 
ɸ𝑒𝑛𝑑,2 =
𝑀𝑠𝑎𝑡,𝑒𝑛𝑑−𝑀𝑑𝑟𝑦,𝑒𝑛𝑑
𝑉𝑏,𝑒𝑛𝑑
                                               (2.15) 
 
This method is referred to chemical porosity where rock-fluid interaction is taken into 
account by including in the formula new pore volume and new bulk volume after test. 
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Another approach of estimating porosity development after testing is by utilizing new 
density, new dry mass and new bulk volume. Following the core dismantling, to provide 
accurate estimation of solid volume measurements, the core was divided into seven pieces. 
Dry mass of each core measured on the scale, while solid volume was measured by the 
pycnometer. Hence, the average mineral density of each slice was estimated from the 
relation between dry weight and measured solid volume as: 
 
𝜌𝑠,𝑖 =
𝑀𝑑𝑟𝑦,𝑖
𝑉𝑠,𝑖
                                                               (2.16) 
 
where 𝑖 = 1,2, . .7. The average solid mineral density of the flooded core after testing was 
estimated from the weighted average by volume: 
 
𝜌𝑠,𝑒𝑛𝑑 =
𝑉𝑠,1𝜌𝑠,1+𝑉𝑠,2𝜌𝑠,2+..𝑉𝑠,7𝜌𝑠,7
∑ 𝑉𝑠,𝑖
7
𝑖
                                           (2.17) 
 
With average mineral density after flooding test, the dry mass and bulk volume after the 
experiment is used to estimate the porosity evolution: 
 
ɸ𝑒𝑛𝑑,3 =
𝑉𝑝
𝑉𝑏 
= 1 −
𝑀𝑠𝑎𝑡,𝑒𝑛𝑑
𝜌𝑠,𝑒𝑛𝑑𝑉𝑏,𝑒𝑛𝑑
                                                          (2.18) 
 
Equation (2.18) is referred to as third method of estimating porosity.  
 
To sum up, method 1 is mechanical porosity, where only bulk volumetric deformation is 
accounted, while method 2 and 3 is based on chemical alterations inside the core, where 
changes in density and mass is taken into account. 
 
2.2.7 Permeability estimation 
 
Core plugs permeability has been determined from the measured pressure drop across the 
core when the testing brine is flooded through the core. Assuming laminar flow in the 
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porous media, Darcy law can be used to estimate the dynamic permeability which is 
dependent of hydraulic pressure difference across the core (∆P): 
 
𝑘 =
4𝜇𝑤𝐿𝑞
𝜋𝑑2∆𝑃
                                                                       (2.19) 
 
where L is the core length, and 𝜋𝑑2 is cross sectional area, and 𝜇𝑤 is viscosity of the brine. 
Brine viscosity is determined from CREWES Fluid Properties Explorer. The software 
calculates the viscosity of NaCl brine based on the temperature state of the fluid. Since no 
other sources were found to calculate directly the viscosity of MgCl2, NaCl viscosity values 
were used assuming that both of the brines have the same ionic strength. 
 
2.3 Proposed mechanisms affecting rock-fluid interaction 
 
In petroleum engineering, the concepts of water-weakening and temperature weakening 
are important mechanisms for achieving increased production of hydrocarbons. It is well 
documented that the chalk is stronger when oil-saturated than water-saturated and the 
temperature weakens the fluid saturated chalk. This section briefly discusses 
comprehensive review of diverse work done by Andreasen (2011) and Gutierrez et al. 
(2000) of previously proposed mechanisms for the fluid and temperature effects observed 
in chalk. However, a complete review of all the mechanisms of water weakening is beyond 
the scope of thesis. 
 
The main mechanisms proposed to explain rock-fluid interaction fall into three groups. The 
first method is physical mechanism. Often-encountered physical mechanism states that the 
water-weakening is based on capillary effects, where local water meniscuses around the 
grain contacts strengthen the chalk for dry and oil-saturated specimens, while disappear 
for fully saturated chalk. However, capillary effects may not be the cause for the water 
weakening in fully saturated chalk that is demonstrated by test series on water-ethylene 
glycol mixtures, with water completely miscible in glycol (Risnes et al., 2005). 
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Physico-chemical effect is another approach and physico-chemical stated mechanism refers 
to the adsorption of water on chalk surface by Rhett (1999), water activity when changing 
the ion concentration in the pore fluid by Risnes et al. (2003), etc. 
 
Finally, chemical effects are another explanation for the weakening of chalk. Since primary 
focus on this thesis is to link the chemical effects on the rock-mechanical and flow 
properties, this method in the following will be reviewed in detail. 
2.3.1 Chemical mechanisms of water weakening 
 
In the last decades, extensive research has been devoted for the chemical effect. Although 
first attempts state back to early 1980s, when Newman suggested that the ionic 
composition of the brine injected to already aqueous saturated chalk impacts the 
mechanical strength, chemical aspect of water weakening of chalks have received relatively 
less attention.  The reason is the very low solubility of calcium carbonate in water. Another 
reason is related to the inverse relation between the solubility product of CaCO3 and 
temperature, where it is controversial to explain why water weakening is more profound at 
higher temperatures (Kornses et al., 2008; Madland et al., 2011).  
Discovery by Heggheim et al. (2005) suggests that non-equilibrium brines might trigger the 
dissolution process which has an impact on the mechanical strength of chalk. This 
furthermore encouraged to examine the chemical aspects of water-weakening as per 
(Madland et al., 2006, 2008, 2011; Korsnes et al., 2006a,b, 2008a; Zangiabadi et al.,2009; 
Megawati et al. 2011, 2015) numerous flooding experiments with brines of various ionic 
composition have been carried out.  Thus, often-encountered the mechanisms are the 
substitution and dissolution/precipitation processes. 
 
The chalk fluid interaction is shown to be strongly influenced by variations in testing 
temperature. The chemical effects of seawater-like brines, Ekofisk formation water and 
distilled water have been studied extensively to what extend these brine affect the 
mechanical strength of chalk (Korsnes, 2007; Korsnes et al., 2006a,b, 2008; Madland et al., 
2008; Zangiabadi et al., 2009). Rock-mechanical and pure flooding studies at elevated 
21 
 
temperatures for Stevns Klint, Rørdal, Lixhe, or Kansas have usually shown that the 
chemical composition of the saturating fluid has significant effect on the mechanical 
strength of the chalk. Moreover, the presence of sulphate ions in the seawater-like brines 
has pronounced effect on the chalk framework at elevated temperatures. Studies by 
Korsnes et al. (2006a, b, 2008) suggest that the chemical weakening of chalk in contact with 
seawater-like brines seems to take place when Mg2+ ions in solution substituted Ca2+ ions 
at the intergranular contacts if SO4- ions are present. Moreover it was also suggested that 
this weakening progresses with increased temperature. Furthermore, this suggested 
substitution mechanism of water-weakening cannot  support results of experiments 
conducted on the Kansas cores at 90°C (Madland et al., 2008; Zangiabadi et al., 2009) 
where weakening of chalk exposed to seawater-like brine observed without Mg2+ ion in the 
solution (Madland et al., 2011). 
 
Moreover, studies by Madland et al. (2011) further examined this substitution mechanism, 
by comparing the loss of magnesium from flooding experiment with the maximum 
available absorption site. The amount of magnesium lost was significantly higher than 
calculated number of available sites, thus substitution mechanism of Ca2+ by Mg2+ cannot 
solely explain the weakening phenomenon. 
 
Furthermore, as per studies by Heggeim et al. (2005) concluded that chemical mechanism 
involving dissolution-precipitation plays an important role when the chalk is subjected to 
seawater at 130°C. In light of this study, Madland et al. (2011) introduced a new hypothesis 
of water-weakening phenomenon: precipitation of magnesium as new phase of mineral. In 
their studies, assuming that a chemical equilibrium can establish between the rock matrix 
and fluid, equilibrium calculations pointed out that huntite is the most oversaturated 
mineral. From modelling studies, it was observed that even though at pH value close to a 
natural in order to equilibrate with the fluid, the chalk has to dissolve.  
 
This findings further motivated in depth investigate the dissolution/precipitation effect on 
the chalk rock-mechanical behaviour and several valuable experimental  investigations and 
modelling carried out by (Megawati et al., 2011, 2015; Hiorth et al., 2013; Nermoen et al., 
2015a,b). These studies clearly point out that disturbance of the chemical equilibrium 
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impacts the macroscopic behavior of chalk. For example, Mg-rich brine is shown to impact 
the equilibrium chemistry towards precipitation of secondary minerals and dissolution of 
calcite. Whereas, in combination with sulfate ions, calcium favors supersaturation of 
anhydrate. Moreover, it was observed that at higher concentration, addition of calcium into 
Mg-rich brine prevents further dissolution of calcite (Megawati, 2015). In addition, 
evidence of mineral precipitation has been seen from SEM images after analyzing the 
flooded cores (Madland et al., 2011), as well as supported by geo-chemical analysis 
(Zimmermann et al., 2015). 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
23 
 
CHAPTER 3 
METHODS AND EXPERIMENTAL PROCEDURES 
 
This chapter highlights the experimental methodology of conducted chemo-mechanical 
experiments. The chapter starts with the core and fluid preparation procedures, and then 
presents detailed description of the experimental setup. The sections following this cover 
methodology of the rock-mechanical tests and analysis of the plug after testing. In addition, 
description of chemical and textural analysis is also included.  
All mechanical tests were performed in a hydraulically operated triaxiall cells. The cells are 
designed such that high pressure and high temperature rock mechanical tests can be 
performed. The testing temperatures were: 60°C, 92°C and 130°C. Reservoir temperature 
of Valhall field is 92°C whereas that of Ekofisk field 130°C.  Both tests provide necessary 
data to evaluate the mechanical strength of the chalk cores. The injected reactive MgCl2 
bine enables to evaluate the porosity and permeability evolution when chemical reactions 
take place inside the core. Tests were performed under drained condition, which has two 
advantages: the core permeability is easily determined from the measured pressure drop 
across the core; in addition, quantification of chemical composition of fractioned effluent is 
also possible. 
3.1 Preparation of core material and flooding fluids 
 
3.1.1 Outcrop chalk  
 
Large sample blocks from two different sources (outcrop chalk Mons from Mons basin, 
Belgium and Kansas from Niobrara, Kansas quarry, US) were used in the present study.  
For homogeneity, all samples for the experiment were taken from the same block of chalk, 
and then drilled out using a drilling machine in the same direction with an oversized bit 
and circulating water for cooling. When doing research it is important to have comparable 
testing material and this has been studied by Korsnes, 2008. His experiment results 
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showed that mechanical properties of the chalk such as bulk modulus, yield strength, axial 
and radial creep displayed anisotropic behaviour depending on the vertically or 
horizontally drilled direction, but it had minor effect on the permeability measurements 
that is likely to be controlled by the total volumetric strain.  
The drilling direction was marked on each drilled sample to ensure that all mechanical 
tests performed with similar orientation. Afterwards, cores were put in a heating chamber 
and left to dry overnight at 120°C. Then the oversized samples were shaped in a lathe 
machine to get diameter of 38.1 mm and cut to length approximately of twice the diameter 
size by a diamond saw. In order to have a reference sample to compare the flooded cores 
after the testing with un-flooded one, a small pieces from the top and bottom of the core 
were cut off, so this end samples will be used later to study the chemical effects of  test 
brine during SEM analysis.  
 
Before testing, the dry mass of the core was measured after being dried in a heating 
chamber for more than 24 hours at 120°C. Then, to estimate the initial porosity, the 
samples were put in a vacuum chamber to saturate with distilled water and the pressure 
was lowered to 4-5 Pa inside the chamber (Fig. 3.1 a).  This gives quite accurate porosity 
measurement since vacuum saturation enables the samples to be fully saturated. 
Thereafter weight of the plugs was measured. To get a precise estimate of the bulk volume 
a digital vernier caliper was used to measure the diameter and length of the each core. The 
weight analysis (described in theory part) is used to determine the initial porosity. Typical 
properties of the outcrop chalks and their testing temperature are given in table 3.1-3.2. 
 
 
 
 
 
 
 
 
25 
 
Sample ID M 4 M 2 M 3 M 6 
Core length, (mm)  72,47 73,04 72,2 72,02 
Core diameter, (mm)  38,1 38,1 38,1 38,1 
Dry weight, (g) 128,13 129,2 127,23 127,54 
Saturated weight, (g) 163,2 164,18 162,21 162,19 
Porosity, % 42,34 42,11 42,50 42,20 
Test temperature, C 60 92 92 130 
 
Table 3.1 Physical data for Mons cores 
Sample ID K 3 K 1 K 2 
Core length, (mm)  71,32 71,12 72,11 
Core diameter, (mm)  38,1 38,1 38,1 
Dry weight, (g) 139,49 139,06 140,59 
Saturated weight, (g) 169,04 168,61 170,58 
Porosity, % 36,34 36,44 36,48 
Test temperature, C 60 92 130 
 
Table 3.2 Physical data for Kansas core 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a) b) c) 
Figure 3.1 a) Saturating the 
plug in the vacuum chamber 
with distilled water 
Figure 3.1 b) the conical flask is 
placed on a magnetic stirrer. 
Figure 3.1 c) Filtrate-apparatus 
from Millipore used to filtrate 
the brine. A 0.65 μm filter used 
consistently for all the brine 
prepared. 
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3.1.2 Saturating and flooding fluids 
 
Distilled water (DW) is used as a saturating fluid, while as a flooding fluid, we used MgCl2 
brine. To prepare the brine, conical flask filled with nanopure distilled water and mixed 
with 44, 5 g/l MgCl2 ·6H2O. Then this conical flask is put on a magnetic stirrer and left for 
about 2 hours to mix before filtration (Fig. 3.1 b). The filtrating apparatus was used with 
0.65 µm filter from millipore to remove any impurities that contain solution (Fig. 3.1 c). 
Afterwards, the brine was measured for pH using pH meter. 
The ionic strength of the brine is calculated as: 
𝐼 =
1
2
∑ 𝐶𝑖𝑍𝑖2
𝑛
𝑖=1
 
Where 𝐶𝑖  is the molar concentration (mol/l) of an ion 𝑖 and 𝑧𝑖 is valence number of the ion. 
It is important to be aware of that the calculated ionic strength of MgCl2 brine has to be 
similar to those of synthetic sea water that is injected to North Sea chalk reservoirs. 
Ion Concentration, mol/l 
𝑀𝑔2+ 0,219 
𝐶𝑙− 0,438 
Ionic strength 0,657 
 
Table 3.3 Ionic composition of test brine 
 
3.2 Test equipment  
3.2.1 The triaxial cell  
 
The cell consists of three main building blocks: the loading piston, confining chamber and a 
loading frame. By simply pumping oil into and out of the upper and lower chambers 
respectively, the piston can be the moved. The axial movement of the piston is recorded 
into the logging software by using LVDT (Linear Variable Differential Transformers), 
placed on top of the piston outside the cell. The confining chamber is filled with synthetic 
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oil after the core mounted within the cell. Oil is systematically pumped throughout the test 
into the chamber to build and maintain confining pressure. The illustration of the triaxial 
cell is given in figures 3.2-3.3. The triaxial cell is designed such that the application of 
confining pressure is also compensated in the axial direction. Because of friction between 
cell and top piston, an additional axial load is required for the piston to follow the core 
deformation. Based on the friction area for the individual cell, the friction is calculated. 
With the extra load applied on the piston, the additional axial pressure compared to the 
confining pressure during isotropic compression test is very small, less than 0.3 MPa. All 
the tests in the present work were performed under drained condition, where fluid is 
allowed to exit out of the core, regulated by back pressure valve. Prior to starting any 
mechanical test, all the tests were preset to the reference condition. These are: confining 
pressure of 1,2 MPa, pore pressure of 0,7 MPa, and additional axial pressure of 0,4-0,7 MPa 
(depending on the particular cell used), and also temperature are set to 60, 92 and 130 °C. 
To ensure homogeneity in the test condition, the same triaxial cell is used for similar series 
of tests.  
 
3.2.2 Additional belongings of the test apparatus 
 
Pump and flooding cell 
 
In total three Gilson 307 pumps were used to control: confining, piston and flooding 
pressures in each experimental setup. The confining and piston pressures were operated 
by pumping directly oil into the system, while the flooding pump was operated through 
flooding cell. Distilled water is pumped into the upper chamber of the cell that enables 
brine in the lower chamber to be displaced to the flooding system. Since the injecting brine 
contains salt, this might cause clogging of the tubing lines, and consequently salt 
precipitation and corrosion inside the tubing might take place. This is the primary reason 
of utilizing flooding cells. 
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Gauges 
 
Digital pressure gauges manufactured by Emerson Rosemount were employed for 
measuring confining, piston, pore pressures and differential pressure resulted from the 
flooding of the fluid through the core. These gauges send signal to the logging software that 
displays it on the computer connected to the test cell. 
 
Heating system 
 
It is necessary to have a heating system in order to perform the experiments at elevated 
temperatures. This is done by using heating jacket which is mounted outside the confining 
chamber and regulated by an Omron control box and PID-routine. Since room temperature 
is not always stable, small fluctuations in the temperature might also observed (± 0.02 °C). 
 
Software 
 
The conducted experiments were controlled through LabView (Laboratory Virtual 
Instrument Engineering Workbench) programming. It is ideal tool for monitoring, remotely 
controlling, graphing in real time the triaxial test performance, and data acquisition, 
through data-loggers. Data logged by the program is written to a file that can opened by 
Microsoft Excel. The pressures, axial strain dynamics, and also stress state are logged into 
the LabView such that the mechanical behavior of the core can be monitored as an effect of 
temperature, injected brine and applied stress throughout testing. 
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Figure 3.2 Principle sketch of the interior of a triaxial cell (Kjørslevik and Østensen, 2014). 
 
 
Figure 3.3 Illustration of the exterior of a triaxial cell (Kjørslevik and Østensen, 2014) 
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3.3 Testing procedure 
3.3.1 Mounting the cell 
 
Before mounting the core within the cell, first the system must be flooded with distilled 
water to ensure that there is no air present in valves and tubes. Afterwards, a drainage 
disk, that enables the fluid to be evenly distributed around the circumference of the core, is 
placed on the lower flooding piston (Fig. 3.4 a). From one of the experiment that failed, we 
came to conclusion that it’s better to have holes in the drainage disk far away from the edge 
of the core to avoid excessive gathering of fluid near the edge of the core during flooding 
experiment. This causes erosion of core material and leads to expansion of holes resulting 
in failure.  
 
The saturated core is placed on top of the disk, and then followed the second drainage disk 
(Fig. 3.4 b, c). Silicone grease is applied around these upper and lower pistons and fastened 
by rubber seals. The purpose of applying silicone grease is to prevent leakage between 
rubber seal and piston.  Now the upper flooding piston is placed to complement the lower 
one and then shrinking sleeve put on top of all, which has to be long enough to cover the 
rubber seals and the core (Fig. 3.4 d). A heat is gently applied around the core to jacket the 
sleeve around the core to prohibit leaking of confining oil into the core (Fig. 3.4 e). The final 
step in mounting the core is to connect upper flooding piston to the bottom plate which in 
later stage will be used to build up pore pressure by opening bypass valve (Fig. 3.4 f). When 
the core is mounted, the cylindrical steal wall is placed that makes up the confining 
chamber (Fig. 3.4 g). Before that, heat resistant o-rings are used to ensure that the system 
remains closed during the high pressure and high temperature test. A heating jacket must 
be put around the cylindrical wall to carry out the experiment at elevated temperatures 
before attaching the top part of the cell (piston assembly) (Fig. 3.4 h). While doing so, the 
upper confining outlet has to be opened to release the abundant oil inside the confining 
chamber. Six steal bolts are used to tighten the top part of the cell to the lower plate. 
Eventually, the LVDT is placed on top of the cell (Fig. 3.4 i). The LVDT has an uncertainty in 
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the measurements of ±0.05 mm. Step by step illustration of the procedure is given in figure 
3.4. 
 
Figure 3.4 Step-wise mounting process of the core in the triaxial cell. 
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3.3.2 Starting the test 
 
Prior to increasing the confining pressure, the air inside the cell is let to go out of the 
system by opening upper confining valve so that pressure can build up faster. When 
continuous flow of oil is observed without bubbles inside the tubing the valve can be 
closed. Setting flow rate maximum 2 ml/min the confining pressure is increased to 0.5 MPa. 
After reaching the desired pressure, the core must be cleaned by flooding distilled water 
(minimum two pore volumes) with a flooding rate of maximum 0.2 ml/min by starting the 
permeability pump. Puntervold et al. (2007) claim that this way ensures a clean pore 
system, due to the fact that different ions might be present as natural pollutions originating 
from the location of outcrop (Madland et al., 2011).  Later, injection of magnesium brine 
Figure 3.5 Illustration of the experimental setup (Kjørslevik and Østensen, 2014). 
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was started with a rate of maximum 0.2 ml/min to saturate the core. At least two pore 
volumes are flooded. 
 
3.3.3 Increasing pore pressure 
 
After flooding minimum two pore volumes of the test brine, the pore pressure was 
increased to 0.7 MPa by running the permeability pump. Prior to that, the bypass valve has 
to be opened so that brine will not flow through the core, but deflected in the outlet 
thereby flooding simultaneously both sides of the core and rapidly increasing the pressure. 
As mentioned earlier, the flooding brine comes from the flooding cell. The permeability 
pump started pumping distilled water with 3ml/min flow rate into upper chamber of the 
flooding cell and this in turn pushed down the piston inside the cell and letting to test brine 
to be flooded through the flooding line with the same rate as distilled water was pumped 
into the flooding cell. During pressure build-up, the confining pressure and pore pressure 
were simultaneously increased to a differential stress equal to 0.5 MPa, having σiso=1.2 MPa 
and Pp=0.7 MPa respectively. The pore pressure is controlled using back-pressure 
regulator ensuring constant pore pressure of 0.7 MPa. This back-pressure valve operates 
using CO2 gas. To be able to increase the pore pressure, the gas pressure has to be 
increased, that pushes a circular plastic disk inside the valve to the direction opposite to 
the flow of brine, and thus retarding the effluent to exit from the core until the pore 
pressure reaches 0.7 MPa. When the pore pressure reaches 0.7 MPa it has capacity to 
overcome the opposite force coming from the disk so the effluent starts flowing. As long as 
the pore pressure has reached the desired value, the bypass can be closed and the 
permeability pump rate is reduced so that one pore volume per day is injected. This rate is 
determined from the ratio of pore volume to the time; usually it has approximate value as 
0.024 ml/min.  
 
3.3.4 Increasing temperature 
 
The next step after the pore and confining pressure was increased to differential pressure 
0.5 MPa, the heating jacket was connected to the control box. To have a control over the 
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temperature increase (60°C, 92°C and130°C), the PID values for each set of experiment 
were identified. 
 
When the temperature of the system is increased, the oil inside the confining chamber 
expands, thereby leading to increase in confining pressure. Thus a spring valve connected 
to the bleed of valve (confining outlet) is used to regulate the confining pressure 
throughout this temperature increase stage. The outlets of piston chambers have to be 
open during the temperature increase; otherwise the oil in the piston chambers will 
expand resulting in very high pressure values. 
 
3.3.5 Pushing down the piston 
 
After the set temperature was reached, the piston has to be lowered until it hits the core. 
To lower the piston, the oil is pumped with a flow rate of 0.3 ml/min using piston pump 
through the upper piston inlet; upper piston outlet and lower piston inlet has to be closed. 
However, lower piston was kept open to allow the oil to come out when piston displaces 
down. When piston hits the core, an overpressure of around 0.3 MPa is necessary to make 
certain that piston is in contact with the core. 
 
3.3.6 Hydrostatic compression test 
 
Hydrostatic compression tests (isotropic test) were performed during all cases of study. As 
mentioned earlier, the extra axial pressure relatively to the confining pressure under 
hydrostatic compression test is small, less than 0.3 MPa. Thus, the test is not purely 
isotropic, but rather quasi-isotropic. Before starting the hydrostatic loading phase, the 
confining outlet valve has to be closed and the spring valve utilized during the temperature 
increase stage has to be removed. The hydrostatic test was performed by increasing the 
confining pressure to a desired value with a pumping rate of 0.05-0.1 ml/min 
corresponding to approximate 0.02 bars per minute. In test series performed on Mons 
chalk, the desired value was around 13 MPa, while for Kansas chalk about 23 MPa. The 
pore pressure kept constant equal to 0.7 MPa. When the confining pressure is increasing, 
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the friction on the piston will also increase. This might lead to stop the piston, thus during 
hydrostatic loading phase the axial movement has to be monitored, so if the piston stops its 
movement down, then to overcome the friction the piston pressure must be increased. 
When desired value of confining pressure is reached, the hydrostatic phase is ended. Then 
the test will be running in the creep phase for a desired amount of time frame. From the 
stress versus strain plot, yield point and bulk modulus are calculated. 
 
3.3.7 Creep phase 
 
The creep is followed after the hydrostatic compression phase, where the core left to 
deform under constant stress. Flooding of MgCl2 brine is kept at constant rate throughout 
the creep period. Deformation is measured continuously with a minimum of 3 minute 
resolution time. Creep strain is calculated with reference to the displacement after the 
compression test. Creep stress level is kept same within the same chalk type, 14 MPa and 
23 MPa for Mons and Kansas chalks respectively. 
 
3.3.8 Sampling fractioned effluent 
 
The fractioned effluent samples were collected with two purposes: firstly, to analyse the 
samples for ionic composition; secondly, to analyse how the pH of the injected fluid will 
behave throughout the experiment. The collection of fractioned effluent samples for ionic 
composition analysis started from hydrostatic loading phase, where initially samples were 
been collected in the first 3-4 days, later three times in a week. The reason for sampling 
effluent so often in the beginning is to obtain sufficient data about how rock-fluid interacts 
when reactive test brine is injected into the core, since the injected fluid to obtain 
equilibrium with the core takes time and chemical reactions might take place. For the 
composition analysis the sampling glasses weighted before and after the flooding, so the 
flooding rate of the test brine can also monitored. Then samples were labelled with name, 
time, weight, and stored in the refrigerator to avoid evaporation. For the pH analysis, the 
effluent was sampled twice in a week and the values of each measurements and sampling 
date were recorded.  
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3.3.9 Dismantling the test 
 
When time to stop the test had comes, the cores were washed with distilled water by 
switching the flooding from test brine to distilled water. At least two pore volumes of water 
were used for flooding. 
  
After cleaning, the upper piston inlet valve is closed and lower one is opened so the piston 
can be lifted up. The upper piston outlet valve is opened; the lower piston valve is closed. 
Then, the temperature has to be turned off by disconnecting the heating jacket from the 
control box. As temperature decreases, the volume of the oil inside the chamber will 
reduce, causing decline in the confining pressure. To overcome this, constant rate of 1.0 
ml/min oil flooded into the chamber to keep confining pressure at 11 MPa. 
 
When the temperature is low enough, the pore pressure is reduced by setting the back 
pressure regulator to 0 bars. Afterwards, permeability and confining pump is stopped and 
confining pressure is also reduced to 0 bars by opening the lower confining outlet valve. 
Compressed air is used to completely squeeze out the oil from the system. Now the cell can 
be dismounted. After dismantling, the saturated weight of the core was immediately 
measured and then dried at 110°C in the heating chamber until the weight is stabilized to 
measure the dry weight.  
 
3.4 Chemical analysis of fractioned effluent  
 
Gilson GX-271 liquid handler was used to dilute the effluent samples. The reason for 
diluting the sampled effluents is to stay in the linear region of the calibration curve while 
testing on the ionic concentrations with Dionex ICS-300 182 ion-exchange chromatograph. 
The effluent has been tested for 𝑀𝑔2+, 𝐶𝑎2+, 𝑁𝑎+ and 𝐶𝑙− ions.  
 
The first step in performing dilution is to prime the machine, then dilute effluent samples 
and also reference standards 500 times with distilled water. The standards include: 
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1. Original injected MgCl2 brine. Concentrations of ions in the standard: 0.219 mmol/g 
𝑀𝑔2+, 0.438 𝐶𝑙− mmol/g. 
2. Synthetic sea water (SSW) 
3. Magnesium-calcium chloride 𝑀𝑔𝐶𝑎𝐶𝑙2 standard. Concentrations of ions in the 
standard: 0.219 mmol/g 𝑀𝑔2+, 0.438 mmol/g 𝐶𝑙−, 0.013 mmol/g 𝐶𝑎2+. 
 
Then the diluted samples have to be prepared for Ion Chromatograph (IC) test. For that, the 
syringe is cleaned with distilled water and wet with diluted sample. Then the remaining 
diluted fluid is filled up with syringe, flushed through filter until 3 ml is left inside the 
syringe and transferred into two special glasses designed for IC test with the filter on.  
 
Prior to the ion analysis test, the anion and cation pumps, and also syringe were primed. 
The following settings were used for the test: 
1. Anion: 12 min, 18 mM effluent concentration, 45 mA suppressor current 
2. Cation: 30 min, 15 mM effuent concentration, 44 mA suppressor current 
 
After the IC test finished, the peak values were adjusted to obtain better comparability of 
the data, then the obtained area values for each sample were transferred into spreadsheet 
to calculate the concentrations. Molar concentration of standards was used as a reference 
such that relative areas of each sample can be converted into molar concentrations.  
 
3.5 Measurement of chalk mineral density 
 
The solid volume of samples was obtained with AccuPyc II 1340 gas pycnometer.  This 
technique is non-destructive and accurate since gas displacement method used to measure 
the volume. The dry sample of chalk was placed into the volume chamber and helium gas 
filled the pores of the sample. Depending on the size of the particles, 35 𝑐𝑚3 and 15 𝑐𝑚3 
chambers were used. Based on the measured solid volume and dry weight of the sample, 
average mineral density was estimated.  
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3.6 Scanning Electron Microscopy (SEM) 
 
Surfaces of freshly broken core chips can be imaged using a Zeiss Supra 35VP field 
emission scanning electron microscopy (SEM) in high vacuum mode with an accelerating 
voltage of 12 kV, aperture size of 30 μm, and working distance of 10–12 mm (0.39–0.47 
in.). EDAX Genesis energy-dispersive x-ray spectroscopy (EDS) applied for determining the 
semiquantitative elemental and mineralogical composition of the samples. The EDS 
measurements usually acquired together with the corresponding SEM microscopic images. 
(Zimmermann et al., 2015). Both flooded and unflooded samples are analysed, where 
unflooded ones are the end pieces from the same sample of chalk. 
 
3.7 Post processing of data 
3.7.1 Triaxial test  
Effective confining stress of the system is calculated by subtracting pore pressure (Pp) 
from confining/radial (𝜎𝑖𝑠𝑜) pressure: 
 
𝜎𝑐𝑜𝑛𝑓 =  𝜎𝑖𝑠𝑜 − 𝑃𝑝                                                   (3.1) 
 
The effective axial stress (𝜎𝑎𝑥) is calculated from the piston pressure, effective confining 
pressure, and frictional pressure (𝑃𝑓𝑟𝑖𝑐=0.3 MPa) that occurs from the movement of the 
piston in the triaxial cell. Also a conversion factor for the area factor is used that takes into 
account the cross area of the plug and piston pressure chamber (𝑓𝑎𝑟𝑒𝑎 =1.265): 
𝜎𝑎𝑥 =  𝜎𝑐𝑜𝑛𝑓 + 𝑓𝑎𝑟𝑒𝑎  (𝑃𝑝𝑖𝑠𝑡 − 𝑃𝑓𝑟𝑖𝑐) = (𝜎𝑖𝑠𝑜 − 𝑃𝑝) + 𝑓𝑎𝑟𝑒𝑎  (𝑃𝑝𝑖𝑠𝑡 − 𝑃𝑓𝑟𝑖𝑐)      (3.2) 
 
3.7.2 Chemical test 
 
From IC test, the concentrations of both anion and cation in the fractioned fluid can be 
detected. Knowing elemental concentrations of fractioned effluent and injected brine, it is 
possible to quantify to what extend the chemical reactions (dissolution/precipitation) 
taking place inside the core.  
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To quantify the molar concentrations of the samples, as a reference molar concentrations 
of 𝑀𝑔2+ , 𝐶𝑎2+ and 𝐶𝑙− in standards were used. 
 
General formula for concentration calculation is: 
 
𝑀𝑜𝑙𝑎𝑟𝑖𝑡𝑦 𝑜𝑓 𝑖𝑜𝑛 1 =
𝐴𝑟𝑒𝑎 𝑜𝑓 𝑝𝑒𝑎𝑘 𝑜𝑓 𝑖𝑜𝑛 1
𝐴𝑣.𝑎𝑟𝑒𝑎 𝑜𝑓 𝑝𝑒𝑎𝑘 𝑜𝑓 𝑖𝑜𝑛 𝑖𝑛 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
 𝑀𝑜𝑙𝑎𝑟𝑖𝑡𝑦 𝑜𝑓 𝑖𝑜𝑛 1 𝑖𝑛 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑        (3.3) 
 
For particular refill, 𝑀𝑔2+ 𝑎𝑛𝑑 𝐶𝑙− concentrations are calculated using the average area of 
MgCl2 brine from that refill. While 𝐶𝑎2+ concentration calculated using two different 
methods. The first method calculated in similar manner to 𝑀𝑔2+ 𝑎𝑛𝑑 𝐶𝑙−, but SSW 
standard was used instead of  𝑀𝑔𝐶𝑙2 . The second method accounts for 𝐶𝑎
2+ concentration 
present in the 𝑀𝑔𝐶𝑎𝐶𝑙2 standard. 
 
Production or precipitation of divalent ions such as 𝑀𝑔2+ 𝑎𝑛𝑑 𝐶𝑎2+ calculated as: 
 
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑠𝑢𝑏𝑠𝑡𝑎𝑛𝑐𝑒 𝑖 [𝑚𝑜𝑙]  = 𝐹𝑙𝑜𝑜𝑑𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑏𝑟𝑖𝑛𝑒 [
𝑙
𝑑
] ·
 ∑ 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑠𝑢𝑏𝑠𝑡𝑎𝑛𝑐𝑒 𝑖 [
𝑚𝑜𝑙
𝑙
] 𝑘1                                  (3.4) 
 
Whereas mass of the substance can be found as: 
 
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑠𝑢𝑏𝑠𝑡𝑎𝑛𝑐𝑒 𝑖 [𝑔] = 𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑠𝑢𝑏𝑠𝑡𝑎𝑛𝑐𝑒 𝑖 [𝑚𝑜𝑙] ·
 𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑠𝑢𝑏𝑠𝑡𝑎𝑛𝑐𝑒 𝑖 [
𝑔
𝑚𝑜𝑙
]                               (3.5) 
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CHAPTER 4 
EXPERIMENTAL RESULTS AND COMMENTS 
 
This section presents results obtained from mechanical tests, chemical analysis of the 
effluents and core analysis after testing, in addition to estimation of evolution of 
permeability and porosity. All the cores were hydrostatically loaded beyond the yield and 
thereafter left to creep at a constant stress level of 13.2 MPa and 23.3 MPa for the Mons and 
Kansas cores, respectively. Throughout the mechanical testing, the testing brine was 
continuously injected and sampling of the effluent was conducted to quantify any chemical 
changes of the core material. 
The initial objective was to perform rock-mechanical tests (both hydrostatic and creep 
tests) on Mons and Kansas cores at three different testing temperatures, lasting 60 days. 
The first set/round of experiment started by performing mechanical tests on Mons cores at 
60°C and 130°C, while Kansas core tested at 92°C.  In the second set, Mons core at 92°C, and 
Kansas cores at 60°C and 130°C were tested. After about 30 days of creep, the Mons core 
tested at 92°C failed, following this, a new experiment was started, thus in total 7 chalk 
cores were mechanically tested. Another important point to note is that the tests done in 
the second set are still running under creep phase instead of planned 60 days of creep test. 
The reason for pursuing long-term experimental investigation is that it enables an in depth 
investigation of chemo-mechanical compaction and give better understanding of rock-
mechanical behaviour of chalk. 
4.1 Mechanical tests- Mons cores 
 
4.1.1 Hydrostatic loading phase 
 
From the hydrostatic tests, to characterize the mechanical strength of chalks, the yield 
point and bulk modulus was determined. The yield point is defined when the stress vs. 
strain curve starts to deviate from a linear trend as shown in fig. 4.1. The bulk modulus was 
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calculated from the linear slope of stress vs. strain curve within the elastic region. Table 4.1 
lists the cores that have been tested at different testing temperatures and porosities along 
with yield point, bulk modulus and axial strain. The initial porosities lie in the range of 
42.2-42.5 %. As seen from table 4.1, the values of hydrostatic yield strength are ranging 
from 8.64 to 8.87 MPa. The core tested at 92°C gives the lowest yield point value, σh = 8.64 
MPa, while the core tested at 60°C shows the highest yield strength, σh = 8.87 MPa. In 
regards to bulk modulus, it ranges from 0.89 GPa to 1.27 MPa. When it comes to strain, as 
loading to the pre-set creep stress, the cores tested at 92°C deform more than the other 
cores. Also, it is clearly seen that the core tested at 130°C deforms relatively less compared 
to others. In overall, all the cores reveal similar trend to the applied stress and strain 
response. 
  
 
 
 
 
 
 
 
 
 
 
 
  
Figure 4.1 Axial stress versus axial strain for Mons cores tested at three different 
temperatures. 
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4.1.2 Creep phase 
 
Following the hydrostatic loading, when the constant stress level of 13.2 MPa is reached, a 
creep period starts. Fig. 4.2 depicts the axial deformation as a function of time during the 
creep period. Even though the stress-strain relationship from hydrostatic phase did not 
give obvious differences, the creep developments show clear distinction in their behavior. 
As can be seen from fig. 4.2, the cores tested at 60°C and 92°C present similar creep 
development throughout the test, with an initial period where the rate of time dependent 
deformation decreases with time followed by steady-state creep phase. The Mons cores 
tested at 92°C is extrapolated to predict beyond the observed range (the red lines defines 
extrapolation) and seems that both cores deforms slightly higher than at 60°C. On the other 
hand, the core tested at 130°C reveals third stage of creep behavior – accelerating creep 
(extrapolation showing how steady-state creep would develop). In this case, the core 
deforms with an enhanced rate compared to others, which further caused the strain rate to 
increase by a factor more than two throughout the testing time. The experimental results 
obtained during creep phases are summarized in the table 4.2.  
 
Sample 
ID 
Test 
temperature 
[°C] 
Porosity 
[%] 
Yield point 
[MPa] 
Bulk modulus 
[GPa] 
Strain 
[%] 
M4 60 42,47 8,87 1,27 1,14 
M3 92 42,52 8,64 1,01 1,41 
M2 92 42,28 8,83 1,01 1,18 
M6 130 42,22 8,79   0,89  0,75 
Table 4.1 Defined hydrostatic yield strength and calculated bulk modulus values for Mons 
cores tested at 3 different temperatures. 
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Figure 4.2 Axial creep strain versus creep time for Mons cores tested at three different 
temperatures. 
Note that unlike others, the core tested at 130°C shows enhanced creep development 
started after about 15 days of creep phase (the red lines define the starting point of the 
accelerating creep and also extrapolated line for tests conducted at 92°C).  
 
Sample ID Test temperature [°C] Total axial creep strain [%] 
M4 60 2,13 
M3 92 2,4 
M2 92 2,3 
M6 130 3,15 
 
Table 4.2 Accumulated axial creep deformation from creep phase for Mons cores. 
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4.1.3 Relationship between permeability and strain 
 
It is widely known that porosity and permeability is interlinked. When the core is 
hydrostatically loaded, the pore volume reduces as the core is compressed; this has effect 
on the permeability evolution. To further investigate this, the estimated permeability 
values (eq. 2.19) are plotted against the axial strain during hydrostatic loading (see fig. 4.3). 
As seen, the general trend is – permeability decreases with increasing deformation. 
Initially, the cores tested at 60°C and 92°C had more or less similar permeability, and as the 
core is continuously deformed under isotropic loading, the Mons cores tested at 60°C and 
92°C (M2) show similar reduction in their permeability values, both has reduced to about 
50%. In addition, these cores exhibit same deformation to the applied stress. Unlike others, 
the core tested at 92°C (M3) starts to accelerate after some period of deformation. This 
happened due to incorrect flooding rate during testing. By extrapolation, we could observe 
that it follows similar trend as other cores. The core tested at 130°C exhibits lower 
percentage of permeability reduction, approximately 35%.  
In regards to permeability evolution during creep phase, clearly same tendency here, under 
constant loading the cores tend to show reduced permeability (fig. 4.4). Apparently the 
core tested at 130 °C, during initial 20 days of creep exhibits smooth permeability 
reduction with time and as accelerating creep starts, sudden drop in permeability is 
observed. The mentioned time period coincides with the time lag accelerating creep. From 
creep phase, the cores tested at 130°C and 92°C (M2) and 60°C shows cumulative 
permeability reduction of about 60 %, while the core tested at 92°C (M3) gives around 70% 
reduction compared to initial values. Some fluctuations seen for core M3 related to flooding 
rate changes. 
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Figure 4.3 Permeability and axial strain relationship for Mons cores tested under 
hydrostatic loading at three different temperatures. 
In extrapolation shown by red line, we could observe that M3 core follows similar trend as 
others. 
 
Figure 4.4 Permeability and creep time relationship for Mons cores tested under creep 
phase at three different temperatures. 
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4.2 Mechanical tests - Kansas cores 
4.2.1 Hydrostatic loading phase 
 
Similar to Mons, from the stress vs. strain relation the yield point was determined for 
Kansas cores. In addition, the bulk modulus was estimated from the linear slope of stress 
vs. strain curve within the elastic region. The initial porosities of Kansas chalks lie in the 
range of 36.3-36.5 % that is lower compared to the Mons chalks. As seen from fig.4.5 and 
table 4.3, Kansas cores comparatively to Mons exhibits higher values of hydrostatic yield 
strength, which are ranging from 12.75 to 13.06 MPa.  Similar to the Mons chalks, the core 
tested at 92°C gives the lowest yield strength, σh = 12.75 MPa; but in contradiction to Mons, 
the core tested at 130°C not 60°C, reveals highest yield point value, σh = 13.06 MPa. While 
the bulk modulus shows values between 1.34 GPa and 1.54 GPa. As loading to the pre-set 
creep stress, all the cores strain nearly the same and the entire cores exhibit similar trend 
in their stress-strain relationship. Moreover, the Kansas cores compared with the Mons 
cores deformed relatively less, with an exception that both the cores deformed similarly at 
130°C.  
 
Sample 
ID 
Temperature 
[°C] Porosity [%] 
Yield point 
[MPa] 
Bulk modulus 
[GPa] Strain [%] 
K3 60 36,36 12,75 1,36 0,73 
K1 92 36,46 12,88 1,54 0,80 
K2 130 36,50 13,06 1,34 0,74 
 
Table 4.3 Defined hydrostatic yield strength and calculated bulk modulus values for Kansas 
cores tested at 3 different temperatures. 
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Figure 4.5 Axial stress versus axial strain for Kansas cores tested at three different 
temperatures. 
4.2.2 Creep phase 
When the constant stress level of 23.3 MPa was reached, a creep period starts for each core.  
Fig. 4.6 depicts the axial deformation as a function of time during the creep period. With 
respect to creep phase, in overall, the cores tested at 60°C and 92°C show similar behaviour 
in their time-dependent deformation to Mons cores; although the core tested at 130°C also 
reveal accelerating creep deformation (extrapolation line shows how would steady-state 
creep develop), but acceleration develops quite earlier compared to Mons chalk and its 
deformation magnitude is more than twice compared to other Kansas cores all along creep 
time. In all respects, less porous Kansas cores deform relatively less as compared with 
higher porous Mons chalks, which is in line with the intuitive conviction. The experimental 
results obtained during creep phases are summarized in the table 4.4.  
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Figure 4.6 Axial creep strain versus creep time for Kansas cores tested at three different 
temperatures. 
Note that unlike others, the core tested at 130°C shows enhanced creep development and 
in this case it starts at earlier time frame (the red line defines the starting point of the 
accelerating creep and also extrapolation showing how steady-state creep would develop). 
 
Sample 
ID 
Temperature [°C] Total axial creep strain [%] 
K3 60 1,30 
K1 92 1,77 
K2 130 2,54 
 
Table 4.4 Axial creep strain versus creep time for Kansas cores tested at three different 
temperatures. 
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4.2.3 Relationship between permeability and strain 
In consideration of permeability development during hydrostatic phase, (fig. 4.7) verifies 
the earlier established results from Mons cores that there is a certain inverse relationship 
between deformation and permeability. From the plot it is seen that initial permeability is 
ranged from 2,4-2,8 mD, and in the end of isotropic loading the core tested at 130°C lost 
permeability by 45%, while the one tested at 92°C shows reduction in permeability almost 
by 69%, even though they experienced similar deformation. On the other hand, the core 
tested at 60°C lost 60% of its initial permeability.  
In regards to permeability evolution during creep phase, in overall all cores show reducing 
permeability trend (fig. 4.8). However, within 25 days of creep the core tested at 130°C 
reduces with maintained rate until reaches the plateau then tends to stabilize for the rest of 
the creep period.  During this test, the core tested at 130°C shows reduction in permeability 
almost by a factor of 10 compared to its initial value, while the one tested at 92°C shows 
reduction in permeability by about 85%, and that of at 60°C gives around 75% reduction. 
 
Figure 4.7 Permeability and axial strain relationship for Kansas cores tested under 
hydrostatic loading at three different temperatures. 
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Figure 4.8 Permeability and creep time relationship for Kansas cores tested under creep 
phase at three different temperatures. 
 
4.3 Chemical analysis of fractioned effluent  
The flooding effluent from each mechanical test was sampled during the entire test period. 
Each effluent sample was analysed in IC on the ion concentration (two cations Mg2+ and 
Ca2+, and also one anion Cl- , in addition to pH measurement. The following subsections first 
present results from IC analysis followed by pH analysis. 
4.3.1 IC analysis – Mons cores 
The time evolutions of the ion concentrations for three tests are given in fig. 4.9 - 4.11 and 
cumulative values of Ca2+ and Mg2+ions are presented in table 4.5. The chemical analysis of 
fractioned effluent tested at 60°C present an insignificant production of Ca2+ ion and 
retention of Mg2+ion, i.e. 0.008 mole/l and 0.003 mole/l respectively. This amount seems to 
be reasonable since the chemical reactions involving dissolution-precipitation is not 
affected much at this temperature range. When the core tested at 92°C, throughout the 
experiment shows accumulated 0.011 mole/l Ca2+ ion production, and 0.009 mole/l Mg2+ 
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ion depletion. When it comes to the core tested at 130°C, significant gain of Ca2+ ion and 
retention of Mg2+ ion inside the core was observed; 0.04 mole/l and 0.045 mole/l 
accordingly. Unlike other analysed samples, here from the beginning of sampling time to 
about 20 days the Mg2+ ion is increased with maintained rate until it reached plateau and 
then remains constant, but never reaches original injected concentration. Within this time 
span, Ca2+ production initially decreased then maintains constant production rate. This 
manner is reflected in the creep deformation behaviour, where initially time-lag creep is 
seen before accelerating creep started to develop.  
When comparing the mass loss during testing, the loss is correlated to increase in 
temperature.  The core tested at 130°C shows the highest amount of mass loss, 0.182 g. The 
mass loss is calculated from the difference between amount of Ca2+ produced and retained 
Mg2+. Moreover, when adding the concentrations of magnesium and calcium in the effluent, 
the sum approximates the original injected concentration of test brine for all cores, 
indicating stoichiometry is important (fig. 4.9-4.11). Although there is apparent inequality 
between one to one produced Ca2+ and retained Mg2+ ions stoichiometry, revealing that 
more complex geo-chemical processes taking place inside the core rather than simply Ca2+-
Mg2+ ion exchange.  
Analysis from all cores indicates that Cl- remains close to its original concentration. Even 
though the cores tested at 92°C and 130°C gives some fluctuations in the effluent 
concentration, but it spans around the original injected one. The chemical analyses of the 
effluent fluid samples show that during the entire injection period, the Cl− concentration 
remains close to its original concentration. 
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As seen, the added calcium and magnesium concentrations give similar to those of injected, 
meaning stoichiometry is preserved. 
 
 
 
 
 
 
 
Figure 4.9 Mg 2+, Ca 2+ and Cl - concentrations in sampled effluents from core tested 
at 60°C flooded with 0.219 M MgCl2. 
Figure 4.10 Mg 2+, Ca 2+ and Cl - concentrations in sampled effluents from core 
tested at 92°C flooded with 0.219 M MgCl2. 
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Core 
ID 
Ca 2+  
production 
[Mol] 
Ca 2+  
production 
[g] 
Mg 2+  
retention 
[Mol] 
Mg 2+  
retention 
[g] 
Total 
mass 
 loss [g] 
Testing  
temperature 
[°C] 
M4 0,008 0,315 0,003 0,077 0,238 60 
M2 0,011 0,435 0,009 0,223 0,212 92 
M6 0,045 1,799 0,041 0,988 0,812 130 
 
Table 4.5 Produced Ca 2+ and retained Mg 2+ concentrations in sampled effluents 
from Mons cores tested at three different testing temperatures. 
As it can be noted, the dissolution-precipitation and mass loss is temperature dependent. 
 
4.3.2 IC analysis - Kansas cores 
 
Chemical analysis of the fractioned effluent was also performed for the Kansas, in the same 
way as it was done for the Mons cores. The time evolutions of the ion concentrations for 
three tests are given in fig. 4.12 - 4.14 and accumulated values of Ca2+ ion produced and 
Mg2+ ion retained are presented in table 4.6. Similar with the Mons chalk, at 60°C testing 
temperature, very low Ca2+ion concentration detected and Mg2+ ion retained, 0.008 mole/l 
Figure 4.11 Mg 2+, Ca 2+ and Cl - concentrations in sampled effluents from core 
tested at 130°C flooded with 0.219 M MgCl2. 
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and 0.002 mole/l respectively. As testing temperature was increased (92°C), slightly more 
Ca2+ ion produced from the core, whereas Mg2+ ion to some extent retained more compared 
with the Mons core, i.e 0.012 mole/l and 0.013 mole/l accordingly. The same tendency is 
observed here when the cores tested at 130°C, large concentration of  Ca2+  ion is present in 
the effluent and Mg2+ ion is kept in the core. Ca2+concentration close to those of Mons core, 
0.05 mole/l; however retained Mg2+ ion as compared with Mons is almost doubled, 0.08 
mole/l.  
Similar to the Mons tested at 130°C, in the beginning of sampling time Mg2+ ion is increased 
with maintained rate until it reached plateau and then remains constant, but here this time 
span is short, lasting only about 10 days comparatively to Mons core that lasted about 20 
days. Within this time frame, Ca2+ production initially decreased then maintains constant 
production rate. This manner is reflected in the creep deformation behavior, where initially 
transient creep is seen before accelerating creep started to develop about 10 days of creep 
time. When adding the concentrations of magnesium and calcium in the effluent, obtained 
values were close to the original injected concentration for all cores. Here is also seen 
distinction between one to one Ca2+-Mg2+ stoichiometry, where produced amount of 
calcium ion does not equal to the retained magnesium. 
Analysis from all cores here also indicates that chloride seems to be inert to the chalk 
surface and no significant difference observed between original and effluent 
concentrations. Although some fluctuations exist in the effluent concentrations and this 
could relate with uncertainties in the measurement. 
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Figure 4.12 Mg 2+, Ca 2+ and Cl - concentrations in sampled effluents from Kansas core 
tested at 60°C flooded with 0.219 M MgCl2. 
As seen, the added calcium and magnesium concentrations give similar to those of injected, 
meaning stoichiometry is preserved. 
 
Figure 4.13 Mg 2+, Ca 2+ and Cl - concentrations in sampled effluents from Kansas core 
tested at 92°C flooded with 0.219 M MgCl2. 
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Figure 4.14 Mg 2+, Ca 2+ and Cl - concentrations in sampled effluents from Kansas core 
tested at 130°C flooded with 0.219 M MgCl2. 
As seen, the added calcium and magnesium concentrations give similar to those of injected, 
meaning stoichiometry is preserved. 
Core 
ID 
Ca 2+  
production 
[Mol] 
Ca 2+  
production 
[g] 
Mg 2+  
retention 
[Mol] 
Mg 2+  
retention 
[g] 
Total 
mass 
 loss [g] 
Testing  
temperature 
[°C] 
K3 0,008 0,321 0,002 0,059 0,379 60 
K1 0,012 0,479 0,013 0,326 0,153 92 
K2 0,049 1,989 0,081 1,962 0,028 130 
 
Table 4.6 Produced Ca 2+ and retained Mg 2+ concentrations in sampled effluents from 
Kansas cores tested at three different testing temperatures. 
 
4.4 pH analysis – Mons and Kansas cores 
 
The trend of pH vs temperature in general is pH decreases with increased temperature. It is 
supported by the Le-Chatelier’s Principle, where he states that when chemical system at 
equilibrium experiences a change in concentration, temperature, pressure, etc. then the 
equilibrium shifts to counteract the imposed change and a new equilibrium is established. 
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 As seen from the figure 4.15-4.16, time evolutions of the effluent pH values for the Mons 
and Kansas cores present similar behaviour with that of stated above. Initial values of pH of 
injected fluid was usually around 5.5, however in the last conducted experiment new pack 
of MgCl2 ·6H2O salt was used, therefore for that test pH shows slightly higher value than 6.   
In overall, the effluent samples from the Mons core tested at 130°C shows the lowest values 
of pH with time which is in line with theory, although the core effluent from 60°C test 
supposed to show the highest pH evolution through time, but it did not (fig. 4.15). The 
effluent samples from the both cores tested at 92°C shows the highest values, which might 
relate to the initial value of pH of the injected brine. The core tested at 60°C shows average 
6.07 pH value, whereas at 92°C about 6.35 and the core tested at 130°C gives 5.76.  
Fluctuations in the graph most probably related with brine change during testing.  
On the other hand, the fractioned effluent pH values from the Kansas core presents 
consistent tendency with the theory. The core tested at 60°C depicts in average pH of 6.27, 
while at 92°C reveals average pH value of 6.12, and at 60°C shows pH of 5.84 (fig. 4.16).   
Another important point to highlight is that the sampled pH values after first measurement 
were re-measured several times within 3 weeks until they displayed constant values. The 
pH value for the core tested at 60°C stabilized around pH 7.97 within three weeks, while 
the core tested at 130°C remained balance around pH 7.8. Whereas the Kansas core tested 
at 92°C stabilized around pH value of 7.92. To support this observation the behaviour of pH 
with temperature was simulated for chalk cores considering the mineralogical content and 
testing brine composition using PHREEQC simulator (detailed information will be on 
section 4.4. PHREEQC analysis). As seen from figure 4.17, as calcite equilibrated with 
injected MgCl2 brine, the pH has to be around 7.2 at 130°C, whereas at 60°C above pH of 8. 
Thus, from this we can deduct that when pH first measured, the fractioned effluent was not 
in equilibrium, meaning it takes time for all ions inside the effluent to reach equilibrium.   
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Figure 4.15 Evolution of pH with time for Mons cores tested at three different 
temperatures. 
 
Figure 4.16 Evolution of pH with time cores tested at three different temperatures. 
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Figure 4.17 Evolution of pH with temperature. Simulated using PHREEQC considering 
mineralogical content of chalk and injected tested brine composition. 
 
4.5 Analysing the core after test 
 
4.5.1 Bulk volume measurement 
 
After finishing each test, the triaxial cell was dismounted, and then the tested core 
subsequently carried out on core analysis. Test samples after removing from the cell were 
marked with a 1 mm distance in order to estimate the distribution of axial and radial 
deformations. The evolved length and diameter along the core measured in three different 
directions. The accuracy in this measurement is usually 0.1 mm. Then, using average values 
of measured length and diameter, total bulk volume is calculated by the equation of 
truncated wedge. As pointed out by Madland et al. (2006), the strain measured during the 
test cannot be directly compared to the measurements of the plug after the test, since the 
effect of decompression has to be taken into account. Thus, there always exist some 
inaccuracy when estimating bulk volume after test.  
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As seen from the external geometry of the Mons core tested at 60°C (table 4.7) the core did 
deform axially and radially. The core deformed from initial bulk volume 82.58 cm3 to 78.17 
cm3. Moreover, the core shortened to 1.96 cm and contracted radially to 0.36 mm. In the 
inlet part of the core we observed small void so approximate range that cover this voids 
was estimated to be 0.6 cm3. Then, this value was subtracted from the calculated bulk 
volume. Thus, 77.57 cm3 value was used for porosity estimations instead of 78.17 cm3. 
 
 
 
 
 
 
 
 
 
While the Kansas core tested at 92°C (table 4.8) shows also moderate change, both radially 
and axially. The bulk volume is reduced from 81.04 cm3 to 77.65 cm3. However, same as 
above 0.4 cm3 was subtracted to compensate the void. It was also evaluated that length is 
shortened to 1.22 mm and diameter is reduced to 0.5 mm. Same as above, to compensate 
the voidage 0.4 cm3 subtracted from the bulk volume estimation after testing. 
Moreover, as seen from the table 4.9, Mons core tested at 130°C experienced significant 
external geometry alteration. Difference of external geometry between the initial and 
tested core can be observed, where significant changes starts from the inlet side of the core. 
The bulk volume is reduced from 82.07 cm3 to 76.69 cm3.  Moreover, the core shortened to 
2.37 mm and diameter was reduced to 0.78 mm. 
 
 
Table 4.7 Diameter measurements from inlet to outlet for Mons core tested at 60°C and 
calculated bulk volume using truncated wedge equation. 
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4.5.2 Solid volume measurement by pycnometer 
 
The cores were initially cut into two pieces, and then measured for solid/mineral density 
using pycnometer. In order to more accurately estimate the average solid density, these 
two big pieces were measured again by dividing them into seven smaller pieces, where 
latter was used in SEM-EDS analysis. Before estimating solid volume in pycnometer, the 
weight of each slice was measured, thereafter by employing these values, the density 
values were estimated. Once the densities of all pieces were calculated, using weighted 
Table 4.8 Diameter measurements from inlet to outlet for Kansas core tested at 92°C and 
calculated bulk volume using truncated wedge equation. 
Table 4.9 Diameter measurements from inlet to outlet for Mons core tested at 130°C and 
calculated bulk volume using truncated wedge equation. 
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average method the average solid density was obtained (eq. 2.17). Along with flooded 
cores, the inlet and outlet parts of unflooded core were also measured to compare the 
density obtained from the bulk volume method.  
The table 4.10 presents the measured values of solid volume and estimated values of 
density for three cores: Mons tested at 60°C and 130°C in addition to Kansas core tested at 
92°C. The unflooded core pieces from each sample were also measured to compare with 
the values of density obtained from the difference between saturated and dry core weight 
before testing. Both measurements show consistency in the density values. As seen, the 
cores tested at 60°C and 92°C show no significant change in density values. Whereas, the 
core tested at 130°C reveals density increase from 2.69 g/cm3 to 2.72 g/cm3. 
 
Table 4.10 Measurements of the average solid densities for Mons cores tested at 60°C and 
130°C, and also Kansas core tested at 92°C. 
 
4.5.3 Textural analysis 
 
Microscopic analysis by SEM-EDS is also included to identify any textural changes on the 
chalk microstructure. The flooded core material was cut into seven slices of thicknesses of 
about 1 cm and each slice was analysed in SEM-EDS. No alteration was observed using 
Weight [g] 16,39 Weight [g] 17,98 Weight [g] 16,39
Density [g/cm3] 2,69 Density [g/cm3] 2,70 Density [g/cm3] 2,69
Weight [g] 16,28 Weight [g] 15,23 Weight [g] 16,28
Density [g/cm3] 2,70 Density [g/cm
3] 2,71 Density [g/cm
3] 2,70
2,69 2,70 2,69
Weight [g] 51,61 Weight [g] 55,04 Weight [g] 59,82
Density [g/cm3] 2,70 Density [g/cm3] 2,71 Density [g/cm3] 2,72
Weight [g] 70,78 Weight [g] 80,00 Weight [g] 63,79
Density [g/cm3] 2,70 Density [g/cm
3] 2,71 Density [g/cm
3] 2,72
2,70 2,71 2,72
Inlet
Outlet
Weighted average density [g/cm3]
Mons core, T=60°C Kansas core, T=92°C Mons core, T=130°C
Unflooded sample
Inlet
Outlet
Weighted average density [g/cm3]
Flooded sample
Inlet
Outlet
Weighted average density [g/cm3]
Inlet
Outlet
Weighted average density [g/cm3]
Unflooded sample
Inlet
Outlet
Weighted average density [g/cm3]
Flooded sample
Unflooded sample
Inlet
Outlet
Weighted average density [g/cm3]
Flooded sample
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SEM-EDS in the Mons core tested at 60°C and Kansas core tested at 92°C. Although EDS 
measurements indicate that some compositional changes occurred induced by brine 
injection, few magnesium ion retention can be seen across the core, dominating in the first 
couple of centimetres (fig. 4.18-4.19). In contrast, after testing at 130°C, mineralogical 
morphology of the core mineralogy severely altered. It was extraordinary to see that the 
M6 core was strongly enriched in Mg-bearing in the first couple of slice and EDS 
measurements supports compositional changes (fig. 4.20-4.21). Relative to initial 
composition, the first couple of centimetre of the flooded chalk sample shows an increase 
in Mg2+ by a weight percent up to 1.8 %.  
SEM imaging indicates that retention of Mg2+ from the testing brine is present as newly 
precipitated magnesite carbonate mineral. This mineralogical evolution is most commonly 
observed close to the inlet and decreases towards the outlet. Moreover, due to rock-fluid 
interaction, in the inlet part of the sample void half-spheres were created, where most 
likely accumulation of the magnesite minerals concentrated in abundance. The diagenetic 
degree cannot be determined so far, but in the nearest future in depth geo-chemical 
analysis will be performed.  
Figure 4.18 EDS analysis showing distribution of Mg 2+, Si 2+, Al 3+ elements from the inlet 
towards outlet part of the Mons core tested at 60°C 
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Figure 4.19 EDS analysis showing distribution of Mg 2+, Si 2+, Al 3+ elements from the inlet 
towards outlet part of the Kansas core tested at 92°C. 
 
Figure 4.20 EDS analysis showing distribution of Mg 2+, Si 2+, Al 3+ elements from the inlet 
towards outlet part of the Mons core tested at 130°C. 
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Figure 4.21 SEM micrograph shows common occurrence of magnesite crystals with 
rhombic habit (arrows) in the Mons core tested at 130 °C. 
Most likely accumulation of the magnesite minerals concentrated in the inlet side where 
void half-spheres were created. 
 
4.5.4 PHREEQC simulation 
 
PHREEQC is a geochemical reaction model that enables to simulate a variety of geochemical 
processes such as equilibrium between water and minerals, ion exchangers, surface 
complexes, etc. (Charlton and Parkhurst, 2011). As there is no pressure dependent 
database in PHREEQC, comparison between flooded cores was simulated based on three 
different testing temperatures. In the present work, we used PHREEQC Pitzer database, 
since Pitzer provides more accurate results at high ionic strengths (Charlton and Parkhurst, 
2011). 
The simulation example is simply a baker with the initial solution. In the solution phase, we 
introduced 219 mmole/l Mg2+ and 438 mmole/l Cl- ions. Calcite was added as a main 
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mineral while dolomite was incorporated as a non-carbonate phase; thereafter the system 
was simulated at atmospheric condition. The input values are mentioned in table 4.11.  
Table 4.13-4.15 lists main aqueous species in the solution and complex phases that might 
precipitate at the temperature range of 60°C-130°C. If to refer to the saturation index 
values, calcite is in saturated state, while minerals such as magnesite, aragonite, etc. in 
undersaturated state. However, we can see with increasing temperature (130°C), the 
amount of forming magnesite minerals increases, which supports the SEM-EDS analysis. 
Moreover, with increasing temperature the pH of the system reduces, which also confirms 
laboratory analysis described in section 4.4. 
Mons cores, T= 60°C and 130°C  
 
Kansas core, T= 92°C 
Solution 
 
Solution 
 Mg2+ concentration, mmol/l 219 Mg2+ concentration, mmol/l 219 
Cl2+ concentration, mmol/l 438 Cl2+ concentration, mmol/l 438 
pH 5,5 pH 5,5 
Equilibrium phases 
 
Equilibrium phases 
 Calcite, mole 9,95 Calcite, mole 9,75 
Dolomite, mole 0,05 Dolomite, mole 0,25 
 
Table 4.11Input values for the simulation 
 
Solution species Molality 
 
Solution phases 
Saturation 
Index 
Ca2+ 1,663e-01 Aragonite      -0,16 
Mg2+ 5,744e-02 Bischofite       -7,37 
HCO3- 2.763e-05 Brucite     -2,20 
Cl- 4,473e-01 Calcite         0,00 
ph  7,61 CO2(g)         -4,25 
  
Dolomite      0,00 
H2O(g)         -0,71 
Magnesite      -1,18 
Nesquehonite     -3,97 
Portlandite -7,07 
 
Table 4.12 Output values from simulation for Mons core tested at 60°C. 
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Solution species Molality 
 
Solution phases Saturation Index 
Ca2+ 5.498e-02 Aragonite      -0,13 
Mg2+ 1.687e-01  Bischofite       -7,03 
HCO3- 1,695e-04  Brucite     -1,80 
Cl- 4,473e-01  Calcite         0,00 
ph  6.785  CO2(g)         -2,19 
  
Dolomite      0,00 
 H2O(g)         0,41 
 Magnesite      -1,07 
 Nesquehonite     -4,03 
 Portlandite -7,07 
 
Table 4.13 Output values from simulation for Mons core tested at 130°C. 
 
Solution species Molality 
 
Solution phases Saturation Index 
Ca2+ 1,396e-02 Aragonite      -0,15 
Mg2+ 8,410e-01  Bischofite       -7,24 
HCO3- 5,432e-04  Brucite     -2,08 
Cl- 4,473e-01  Calcite         0,00 
ph  7,128  CO2(g)         -3,25 
  
Dolomite      0,00 
 H2O(g)         -0,14 
 Magnesite      -1,24 
 Nesquehonite     -4,12 
 Portlandite -6,92 
 
Table 4.14 Output values from simulation for Kansas core tested at 92°C 
 
4.6 Estimation of porosity evolution 
  
4.6.1 Mons core tested at 60°C 
 
The porosity of the tested chalk before the experiment was estimated to be 42.47 % based 
on differences between saturated and dry weight of the sample (eq. 2.9). The change in 
bulk volume before and after testing used to estimate the volumetric strain (eq. 2.10) and 
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in overall the bulk volume is reduced by 5.34 %. The porosity estimation based on 
mechanical porosity evolution (eq. 2.14) assumes that deformation is accumulated by 
reduction in pore volume due to compaction, and no mineralogical changes occur when 
injecting reactive brine.  Thus, if this assumption is valid, then the mechanical porosity 
resulted from the volumetric deformation reveals porosity alteration from 42.47% to 
39.22%. Similarly, the porosity estimation based on chemical methods give also reduced 
values of porosity than initial, but in comparison to mechanical method, shows a slightly 
lower porosity reduction. As seen from the table 4.15 the dry mass of the core does change 
after the test. The second chemical method of estimating porosity (eq. 2.15) based on the 
mass change, subsequently leading to porosity reduction from initial to 39.73%. The third 
method is based on solid volume change (eq. 2.18). Having accurate estimates of the 
average solid density from pycnometer, and using dry mass and bulk volume after the 
experiment the porosity evolution is estimated to be 39.66%. As noticed, there is no large 
difference between the estimated porosities from all three methods, indicating the chemo-
mechanical alterations taking place inside the core at this temperature range is 
insignificant.  
 
Original core data 
 
Core data after testing 
Dry weight, [g] 128,13 Dry weight, [g] 127,46 
Saturated weight,  [g] 163,20 Saturated weight,  [g] 158,52 
Length,  [cm] 7,25 Mass loss during testing, [g] 0,67 
Diameter, [cm] 3,81 Length,  [cm] 7,05 
Bulk volume, [cm3] 82,58 Diameter, [cm] 3,78 
Pore volume, [cm3] 35,07 Bulk volume, [cm3] 78,17 
Porosity, [%] 42,47 Pore volume, [cm3] 31,06 
Density, [g/cm3] 2,70 Volumetric strain, [%] 5,34 
 
Density, [g/cm3] 2,71 
Method 1: Mechanical porosity, [%] 39,22 
Method 2: Chemical porosity, [%] 39,73 
Method 3: Chemical porosity, [%] 39,66 
Table 4.15 Collected data before and after experiment for Mons core tested at 60°C. 
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4.6.2 Mons core tested at 130°C 
 
The initial porosity of the core before testing was 42.2%. After mechanical test with 
continuous injection of non-equilibrium test brine, the bulk volume (eq. 2.10) is reduced by 
6.55%, which is relatively high compared to the Mons core tested at 60°C.  The porosity 
estimation based on mechanical method (eq. 2.14) shows that porosity is reduced from 
42.2% to 38.17%. This reduction is based only on applied stress and resulted compaction, 
where grain reorganize with minimum solid volume change.  In regards to porosity 
evolution that takes into account the chemical effects, in this case also porosity estimations 
give slightly higher values compared to mechanical method. As seen from table 4.16 
significant changes compared to initial core parameters are observed after the test. The 
second chemical method (eq. 2.15) based on alteration of mass reveals porosity evolution 
from initial to 39.62%. The third method of estimating porosity (eq. 2.18) that takes into 
account solid volume change shows reduction in porosity to 39.54%.  In overall, both 
chemical methods indicate estimation of porosity taking into account new density, new 
mass and new solid volume gives higher values of porosity compared with mechanical 
porosity, where minimum mineralogical changes considered.  
Original core data 
 
Core data after testing 
Dry weight, [g] 128 Dry weight, [g] 126,13 
Saturated weight,  [g] 162 Saturated weight,  [g] 156,51 
Length,  [cm] 7,2 Mass loss during testing, [g] 1,41 
Diameter, [cm] 3,81 Length,  [cm] 6,97 
Bulk volume, [cm3] 82,1 Diameter, [cm] 3,73 
Pore volume, [cm3] 34,7 Bulk volume, [cm3] 76,69 
Porosity, [%] 42,2 Pore volume, [cm3] 30,39 
Density, [g/cm3] 2,69 Volumetric strain, [%] 6,55 
  
Density, [g/cm3] 2,72 
Method 1: Mechanical porosity, 
[%] 38,17 
Method 2: Chemical porosity, [%] 39,62 
Method 3: Chemical porosity, [%] 39,54 
 
Table 4.16 Collected data before and after experiment for Mons core tested at 130°C. 
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4.6.3 Kansas core tested at 92°C 
 
The Kansas core has initial porosity that is lower compared to those of Mons, it is 36.46%.  
After mechanical test, the bulk volumetric (eq. 2.10) strain reached 4.68%. Under 
mechanical compaction, estimated by mechanical method (eq. 2.14), shows porosity 
reduction from initial 33.46% to 33.35%. Porosity estimation taking into account chemical 
effects (eq. 2.15 and 2.18) indicates that 2 and 3 methods give more or less similar results, 
i.e 33.96% and 34.04% respectively. As seen from table 4.17 no substantial changes took 
place when the core tested at 92°C. In general, no significant distinction between three 
estimated methods observed at this testing temperature range.  
 
Original core data 
 
Core data after testing 
Dry weight, [g] 139,06 Dry weight, [g] 138,10 
Saturated weight,  [g] 168,61 Saturated weight,  [g] 164,34 
Length,  [cm] 7,11 Mass loss during testing, [g] 0,96 
Diameter, [cm] 3,81 Length,  [cm] 6,99 
Bulk volume, [cm3] 81,04 Diameter, [cm] 3,77 
Pore volume, [cm3] 29,55 Bulk volume, [cm3] 77,25 
Porosity, [%] 36,46 Pore volume, [cm3] 26,24 
Density, [g/cm3] 2,70 Volumetric strain, [%] 4,68 
   
Density, [g/cm3] 2,71 
   
Method 1: Mechanical porosity, [%] 33,35 
 
 
Method 2: Chemical porosity, [%] 33,96 
   
Method 3: Chemical porosity, [%] 34,04 
 
Table 4.17 Collected data before and after experiment for Kansas core tested at 92°C. 
 
 
 
 
71 
 
CHAPTER 5 
DISCUSSIONS 
5.1 The link between mechanical behaviour, porosity and 
temperature  
 
All the mechanical tests in the present work were performed under hydrostatic loading. 
Such loading condition and the open structure of chalk framework promote a failure 
mechanism known as pore collapse. According to Risnes (2001), even though no 
macroscopic shear stress present under hydrostatic loading, however, on the grain scale, 
shear stress still exist leading to local shear-failures in between the grains. Therefore, ‘pore 
collapse can be regarded as distributed shear failures within the material where gradual 
change from the linear trend is observed from the stress-strain relationship and the yield 
point is consequently rather uncertain to determine’ (Megawati, 2015). 
Experimental results from hydrostatic test (fig. 5.1) show that the slope of the stress-strain 
plot starts to curve from the linear trend during the stress increment, indicating some 
plastic deformation might occur on the grain scale. Such behaviour is more pronounced for 
Kansas chalk which has relatively high yield point, around 12.8 MPa; while for Mons chalk 
the yield was more obvious to determine, around 7.8 MPa. Thus, this behaviour confirms 
that shear failures in the grain scale have strong influence on the stress-strain behaviour of 
chalk even in the elastic region as claimed by Megawati (2015).   
In overall there is a significant discrepancy between the yielding strength and accumulated 
axial strain from hydrostatic test between two types of cores. As seen from figure 5.1, the 
yield strength is not dependent on the temperature, two distinct trend rather point 
towards the initial properties of the core.  As DaSilva et al. (1985) claimed that mechanical 
strength of chalk is dependent on porosity and silica content. Considering all above and 
also the fact that Kansas core has lower porosity, in average 36.4%, whereas the Mons 
chalks have 42.33%, these might be the reason for Kansas cores in general showing higher 
mechanical strength.  
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Figure 5.1 Axial stress versus axial strain for the Mons and Kansas cores tested at three 
different temperatures. 
 
5.2 The link between creep behaviour and 
dissolution/precipitation 
 
Irrespective of chalk type and initial porosities, the cores tested at 60°C and 92°C show 
conformity in their creep development behavior over time: secondary creep is developed 
after primary stage. Whereas, the cores tested at 130°C show additional tertiary-like 
accelerating creep development. From this observation we can interpret that testing 
temperature has an effect on the chemical interaction between rock and brine. The 
consequence of accelerating creep mechanism on creep behavior is remarkable; however 
this mechanism is not fully understood yet. 
Series of experimental data by (Madland et al. 2011; Megawati et al. 2011, 2013, 2015; 
Nermoen et al., 2015 a, b) on pure and impure chalks have provided some clue on the 
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physico-chemical mechanisms of creep. Their extensive performed chemo-mechanical 
compaction tests have shown complete creep phases including the accelerated creep when 
the experiment were carried out at 130°C; however in other cases when experiments were 
conducted at temperatures other than 130°C and with chemical solutions containing Ca2+, 
SO42- or Na-rich were used, accelerating creep was not reported. Furthermore, such 
observation of accelerating creep along with Mons and Kansas chalks is documented on 
other chalk types as Stevns Klint, Liege and Obourg Saint Vaast chalks. From these 
experiments, it was also observed that creep deformation in pure chalks (Stevns Klint) is 
characterized by an initial stage of creep diminution before accelerating creep develops. 
Whereas for impure chalks (Liege, Obourg Saint Vaast) tertiary like creep immediately 
develops with an accelerated rate. Moreover, all experimental results consistently show 
increased Ca2+ production during accelerating creep (Megawati, 2015).   
Figure 5.2 depicts creep development and dissolution relation for both type of cores tested 
at 130°C. As seen, for the pure Mons chalk the effect of dissolution is reflected in the time-
dependent deformation, where creep response is characterized by time-lag until 20 days of 
creep period. Within this time, creep first diminishes and then a tertiary-like creep 
subsequently develops at an accelerated rate. Furthermore, in the acceleration stage a 
significant increase in Ca2+ production and Mg2+ retention is observed, confirming chemical 
reactions involving dissolution-precipitation taking place. In regards to the Kansas core, 
the effect of dissolution on accelerating creep show rather different behavior. The creep 
strain is immediately enhanced after 10 days of creep period and it develops with 
maintained rate over time. Similarly to the Mons core, increased production of Ca2+ and 
retention of Mg2+ ions is observed. When it comes to strain, even though the accelerating 
deformation for Kansas core started earlier, having lower porosity than the Mons core; 
Kansas shows higher strength even when the creep loading is 23.3 MPa, compared to the 
Mons where is it 13.2 MPa.  
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Figure 5.2 Creep development and fractioned effluent concentrations for Mons and Kansas 
cores tested at 130°C. 
 
It has been generally described that creep in chalk is a cascade of failure redistribution 
process. As stated by Andersen et al. (1992), the main mechanism underlying the rate-type 
creep model is commonly assumed as off-sliding asperities under friction in between the 
granular contacts. When non-equilibrium brine is injected into the core, under high 
temperature more energy is created in the system, resulting in increased chemical 
reactions. When the chalk is dissolved, then the morphology of calcite surface is modified in 
terms of  grain rounding and negative crystal creation in a form of prism or/and 
rhombohedral faceted faces (Gautier et al., 2001).  
Based on experimental data in Madland et al. (2011), Megawati et al. (2011, 2015) a link 
between dissolution and the additional creep strain is reasonably established. They suggest 
that effect of dissolution is coupled with precipitation, which surely, depending on where 
these processes are taking place within the core might cause an enhanced weakening of the 
chalk framework itself. In other words, there might be zones of different strength, where 
stronger zones can bear the load while weaker zones might collapse first. With time these 
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stronger zones cannot handle the load, subsequently the collapse is distributed within the 
whole system leading to accelerated creep. Considering moving asperities as primary 
mechanism in chalk compaction any morphological changes in the calcite grains will affect 
the mechanical friction, thus favouring the creep mechanism. Depending on the degree of 
digenesis, Fabricius (2012) states that high-porosity chalk may be partly or fully cemented 
if non-carbonate phase is present in the chalk; thus, non-carbonate minerals that fills the 
intergranular voids can act as contact cement holding the calcite grains together. 
Furthermore, Madland et al. (2011), Megawati et al. (2011, 2015) point out if non-
carbonate phase is dissolved first that carries granular contact, then this might trigger 
enhanced deformation. In studies by Madland et al. (2011), Megawati et al. (2011, 2015) 
non-carbonate dissolution has been indicated by silicon ions measured in the effluent from 
the ICP-OES analysis.  
5.3 The link between flow properties and chemical 
alterations 
 
The implication of chemical effect is not only observed on the mechanical deformation but 
also might affect the flow properties, although to a great extent for the cores tested at 
130°C. Irrespective of chalk type and testing temperatures, all cores under hydrostatic 
loading phase tend to show decreasing trend in permeability evolution. Nermoen et al. 
(2015b) propose the idea that initially the flow in the core might be focused within the 
areas with highest porosity, following this within these regions the compaction occurs. The 
compaction by grain re-organization leads to local permeability loss which is in line with 
the observed results from the present study.  
 
On the other hand, the permeability evolution during creep phase shows rather different 
trend that seems to depend on temperature (fig. 5.3). Mons cores at temperatures below 
130°C shows maintained declining trend with creep time, whereas at 130°C the 
permeability is stabilized during steady-state phase and reduces with maintained rate as 
accelerating creep starts. This might imply that during steady-state phase the permeability 
might dominate by compaction while later by dissolution. Similarly, all the Kansas cores 
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show reduced trend with time (fig. 5.4).  However, at 130°C, initially permeability reduces 
gradually which is reflected during steady-state creep stage, then suddenly reduces with 
following accelerating creep, then after 25 days remains constant over time. This behaviour 
is similar to what is observed in the case of Mons core tested at 130°C, might relate initially 
to mechanical compaction thereafter to dissolution.   
 
Such observed permeability behavior during creep phase might be related as suggested by 
Nermoen et al. (2015b) to local porosity alterations through deformation by grain 
reorganization and pore collapse. They suggest that most probably material parameters are 
heterogeneous therefore deformation is non-uniform through the core, such that 
permeability field is also expected to change with time and space, thus changing flow 
pattern.  Knowing that, dissolution/precipitation is limited by the flow and the amount of 
fluids passing through a volume of a core within time interval determined not by chemical 
kinetics, rather by degree of chemical alteration.  As dissolution/precipitation reactions 
reduce the solid volume, a positive effect of this to the flow might be expected.  When the 
flow is focused within a particular region this leads to enhanced chemical reactions which 
in turn leads to solid volume reduction and consequent porosity increase which again 
focuses the flow through this regions. This cycling positive effect is termed as worm-holing 
and is used to understand the destruction of dams (Nermoen et al., 2015b). 
 
Furthermore, when compaction is also taken into account, it is usually localized to regions 
of the core with higher porosities. As grain volume reduces with time, local porosity 
increases enabling compaction to activate within the next time-interval. Such a negative 
effect would distribute the flow over larger regions and inhibit worm-holing. However, this 
mechanism according to Nermoen et al. (2015b) is likely to occur at high stress level 
experiments, where injected brine comes in contact with all the reactive surfaces in the 
core that triggers chemical reactions. In contrast, at low stress experiments, as conducted 
in the present study, worm-holing seems to localize chemical alterations. From our 
experiment, worm-holing can be seen on the inlet side of the all cores tested where voids 
with half-spheres formed (verified in SEM-EDS analysis), but more pronounced in the test 
at 130°C. Since the flow first passes through drainage plate at the inlet side of the core and 
77 
 
injected test brine is not in equilibrium with the rock, the dissolution might localize mainly 
in the inlet part of the core where first reactive brine and core chemically equilibrate 
(Nermoen et al., 2015b).  
 
Figure 5.3 Permeability evolution during creep phase for the Mons cores tested at three 
different temperatures. 
 
Figure 5.4 Permeability evolution during creep phase for the Kansas cores tested at three 
different temperatures. 
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5.4 Effect of chemical alterations on solid volume change  
 
In more recent study by Nermoen et al. (2015a) and Wang et al. (2015) on the Liege 
outcrop chalks, the change of solid volume was shown to be considerable especially for 
long-term creep test with continuous flooding of MgCl2 brines at elevated temperatures. As 
a result of dissolution of calcite and retention of Mg2+ new magnesium-bearing minerals 
are precipitated. Moreover, as per Madland et al. (2009) research on the same outcrop 
chalk Liege with injection of  MgCl2 brine at 130°C, significant loss of magnesium and 
production of calcium from the effluent is detected that could be accounted for as 
magnesium bearing mineral precipitated and calcite dissolved in the core. Furthermore, by 
modelling the experiment using EqALT program, Huntite (CaMg(CO3)2) was the most 
supersaturated mineral (Madland et al.,2009). These above mentioned minerals have a 
density larger than the calcium carbonate, thus any morphological changes alter the solid 
volume. 
 
In the present study largest mineralogical alteration was observed for the Mons core tested 
at 130℃, which was verified by mass and density measurements, where density is 
increased from 2.69 g/cm3 to 2.72 g/cm3. In addition, analysis in SEM-EDS indicates that 
retained Mg2+ ion present as magnesite mineral.  
 
Since Mg2+ ion has the molecular weight of 24.31 g/mole and Ca2+ ion of 40.08g/mole, any 
exchange during production of Ca2+ and retention of Mg2+ reduces the mass of the core. For 
constant mass, increase in solid density induces solid volume reduction; however when 
simultaneously both mass and density is changing, this further induces reduction of above.  
 
Mass loss from IC analysis estimated as cumulative production of Ca2+ ion and retention of 
Mg2+ ion is not in accordance with weight measurements. Table 5.1 shows significant 
discrepancy between these two methods. This might relate to the uncertainties in IC 
measurement. Regardless of that, this difference might imply that not only dissolution of 
calcium carbonate and precipitation of magnesium carbonate might occur which was also 
observed by Nermoen et al. (2015). As per Nermoen et al. (2015a) equilibrium calculation 
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indicates that silicate minerals that initially present in the chalk are under saturated, thus 
further geochemical analysis of the rock chemistry is required to further investigate this 
issue.  
  
Core ID 
Core mass                   
loss from IC [g] 
Core mass loss from                                   
weight measurement [g] 
M4 (60°) 0,238 0,67 
M6 (130°) 0,904 1,41 
K1 (92°) 0,153 0,96 
 
Table 5.1 Mass losses for Mons and Kansas cores at three different temperatures from both 
IC analysis and dry weight measurements after testing. 
 
5.5 Effect of mineralogy and temperature on porosity 
evolution  
 
During the conducted chemo-mechanical experiments different response is observed 
depending on tested chalk type and temperature. As outlined earlier, mechanical method 
(eq. 2.14) of estimating porosity is only based on bulk volumetric deformation. Mons cores 
tested at 60 ℃ and 130℃ exhibited bulk volumetric strain of 5.34% and 6.55% and 
consequently the core lost porosity by 7.7% and 9.6% respectively. Whereas Kansas core 
tested at 92℃ shows less bulk volume deformation, 4.68%, with corresponding 8.5% 
reduction in porosity. As noticed, initial porosity of the chalk controls to which extend the 
core deforms.  
When it comes to chemical porosities, where rock and non-equilibrium brine interaction is 
taken into account, continuous calcium dissolution and magnesium precipitation causes 
mass loss and change of the solid volume which in turn reflected in solid volume change. As 
discussed in above section, with increasing temperature the chemical reactions trigger ion 
exchange (Ca2+ production and retention of Mg2+, but not one to one) inside the core 
thereby the cores tend to lose mass with temperature in addition with bulk volumetric 
change. Porosity estimation based on 1 chemical method (eq. 2.15) show porosity decrease 
by 6.45% and 6.15% for Mons cores tested at 60℃ and 130℃ correspondingly. While 
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Kansas core tested at 92℃ gives 6.86% reduction. In regards to 2 chemical method (eq. 
2.18), it has been also discussed in above section that geochemical alterations do not 
conserve the volume of the solids when higher dense magnesite mineral replaced with less 
dense calcite. Results of 2 chemical method of estimating porosity produces 6.62% (60℃) 
and 6.35% (130℃) porosity reduction for Mons cores; whereas 6.64% reduction (92℃) for 
Kansas core. As seen, with increasing temperature, the 1 and 2 chemical methods of 
estimating  and porosity produce almost close values. If for comparison, irrespective of 
chalk type to calculate the difference between the average chemical and mechanical 
methods, with progressing temperature, the mechanical and chemical methods have 
distinct difference (1.12% - 60℃, 1.78% - 92℃, 3.40% - 130℃).  
Extensive experimental data by (Wang et al., 2015, Nermoen et al., 2015a,b; Zimmermann 
et al., 2015) have shown that porosity is a dynamically evolving parameter and this 
dynamics is controlled by the rate of compaction, rate of dissolution-precipitation, and 
temperature. In studies by Nermoen et al. (2015a) presented lasting 1072 days of chemo-
mechanical compaction experiment on Liege chalk (91-95% calcite) revealed porosity 
change from 41.31% to 40.02% and density altered from 2.68 g/cm3 to 2.89 g/cm3, despite 
the fact the plug had accommodated more than 25% bulk volumetric strain. This means 
that that long-term investigation provides a valuable approach for the analysis of 
compaction and fluid-rock core scale experiments that paves the way for further insight 
into the experimental diagenesis.  
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CHAPTER 6 
CONCLUSIONS 
 
We presented analysis of compaction and fluid-rock core scale experiments that have been 
carried out in hydraulically operated triaxial cells. Two mineralogically distinct Mons and 
Kansas chalks have been tested at three temperatures: 60°C, 92°C and 130°C, where the 
last two analogues to Valhall and Ekofisk field temperatures. Hydrostatic loading followed 
by creep test, where cores left to load under constant stress of 13.2 MPa and 23.3 MPa for 
the Mons and Kansas cores respectively. Throughout the experiment continuously MgCl2 
test brine injected into the core and the fractioned effluent has been collected to further 
study on chemical analysis, in order to quantify any chemical alteration of the core 
material. Furthermore, after dismantling the test, the flooded cores subsequently carried 
out on core analysis (weight measurements, density, textural analysis, etc).  
Experimental results demonstrate that geo-chemical alterations occur when injecting non-
equilibrium brine into the chalk cores. Effects of original porosity, non-carbonate content 
and temperature on the final porosity, dynamic compaction, as well as on permeability 
evolution have been highlighted in the thesis. In addition, implication of 
dissolution/precipitation mechanism on the chalk mechanical behavior, rock properties 
and also flow properties are investigated. Furthermore, present study makes comparison 
between the conventional porosity estimation method, based on mechanical compaction 
with minimal mineralogical changes, with the new chemical approaches where 
mineralogical alterations taken into account.  
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6.1 Concluding remarks: 
 
1. We discussed the effect of test temperature and mineralogical content on the 
mechanical strength of chalk. It might be argued that under hydrostatic loading 
phase temperature has little effect if any on the mechanical strength; rather initial 
porosity has profound effect on the stress and observed strain relationship. 
2. Microstructural changes in the grain roundness as a result of dissolution may 
reduce the intergranular friction, and thus favoring the creep mechanisms. This 
effect has been observed on both cores tested at 130°C where tertiary-like 
accelerating creep is developed. For the pure Mons chalk the creep response is 
characterized by a time lag, where creep initially diminishes and then tertiary-like 
creep subsequently develops at an accelerated rate. Whereas, for impure chalk the 
effect of dissolution is immediately reflected in the time-dependent deformation. We 
observed the immediate enhance of creep deformation that develops with 
maintained rate over time. Irrespective of chalk type, during acceleration stage 
increased production of Ca2+ ion and retention of Mg2+ ion observed in the effluent. 
Unfortunately, the mechanism of accelerating creep is not fully understood, but we 
relate the creep acceleration with the dissolution of non-carbonate phases which 
triggers the frictional sliding. The fact that the sum of Mg2+ and Ca2+ ions 
concentration deviates from the injected Mg2+ concentration suggests possibility of 
production of other cations from the core. 
3. We discussed that implication of dissolution/precipitation also affects flow 
properties and to a great extend depend on temperature and non-carbonate 
minerals. Irrespective of chalk type and testing temperature, all cores show similar 
trend in permeability evolution under hydrostatic loading. This might relate to the 
idea that initially the flow in the core might focused within the areas with highest 
porosity, followed by compaction occurs within these regions. Compaction by grain 
re-organization leads to local permeability loss.  Whereas, under creep test the cores 
show rather complex behavior. In this case we relate permeability evolution to 
dissolution/precipitation mechanism apart from mechanical compaction. 
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4. We also presented that chemical alterations produce mineralogical changes, this is 
profound with increasing temperature. In our study we could compare three cores 
tested at different temperatures and observations point towards increasing mineral 
density with temperature and time also plays a role.  
5. Textural analysis also verifies that chemical alterations occur inside the core. No 
alteration observed for Mons and Kansas cores tested at 60℃ and 92℃. However, 
SEM-EDS analysis in Mons chalk indicates notable mineralogical alteration occurred 
in the first centimeters of inlet part. Here retained Mg 2+ ion present as a magnesite 
mineral. 
6. In regards to porosity evolution methods, the first mechanical method based on 
compaction with minimum solid volume alteration reveals higher porosity 
reduction. On the other hand, both chemical methods consider density, mass and 
solid volume alteration during injection of non-equilibrium brine which reveals 
more or less close values. The difference between these chemical methods comes 
from the fact that in the first chemical method only bulk volume change is 
considered with little attention on solid density, while in the second chemical 
method of estimating porosity, more accurate density values used obtained by 
pynometer. Therefore, with increasing temperature the solid density change is 
significant, therefore we can see slight difference between these chemical methods. 
In overall, the chemical methods of estimating porosity produce much less porosity 
reduction compared with mechanical method, where no chemical effects are 
considered. Thus when non-equilibrium brine is injected into the core, porosity 
estimation has to take into consideration not only compaction mechanism but also 
chemical alterations inside the core.  
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6.2 Future work 
 
1. It is essential to study the dissolution-precipitation influence on time dependent 
deformation, and improve an understanding of why pure chalks exhibits time-lag 
acceleration creep behaviour, whereas impure chalks shows immediate response on 
dissolution. 
2. Investigate long term effects of precipitation of secondary minerals on the 
mechanical strength of chalk. Considering chalk as frictional material, in a long term 
perspective, precipitation of new mineral phases may induce increased resistance 
against mechanical deformation due to increased intergranular friction. Such a 
mechanism is however, still an open discussion. In-depth investigation on the nano-
scale can be a tool to investigate this further. 
3. Weight measurement mass loss is not in accordance with IC measurements. 
Specific chemical analysis designed to detect non-carbonate minerals from the 
effluent should be investigated further. 
4. Depending on where dissolution-precipitation processes are taking place within 
the core might cause an enhanced weakening of the chalk framework. Therefore it is 
necessary to localize the mineralogical alterations and where chemical processes 
preferentially take place. 
5. At the moment translating the effect of water chemistry on oil recovery from core 
to field scale is highly non-trivial. Therefore, upscaling of laboratory results for field 
implementation would further insight into deep understanding of water-weakening 
phenomenon.  
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